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Abstract 
 
Ribonuclease P (RNase P) is the enzyme responsible for catalyzing the removal of the 5’ 
leader sequence from precursor transfer RNA (pre-tRNA) during the essential maturation process 
of transfer RNA (tRNA). While RNase P was first discovered in lower order organisms as an 
RNA-based ribozyme, recent work has revealed the existence of a protein-only RNase P (PRORP) 
within Eukaryotes. The existence of these two types of independently evolved RNase P enzymes, 
provides the rare opportunity to compare convergent evolutionary strategies of RNA- and protein-
based catalysts. Previous work revealed that both the proteinaceous and RNA-based enzymes 
achieve nucleolytic activity through the same general two-metal ion mechanism. However, how 
PRORP recognizes tRNA substrates and whether this mechanism is similar to RNA-based RNase 
P is poorly understood.  
This work investigates the substrate recognition strategy of PRORP. Mutagenesis and in 
vitro binding and catalytic activity assays identified several residues within the conserved 
pentatricopeptide repeat (PPR) domain of Arabidopsis PRORP1 which form binding interactions 
with pre-tRNA. A crystal structure of the PPR domain bound to tRNA is solved. Residues critical 
for binding are shown to form interactions with conserved regions of tRNA. This mode of RNA 
recognition by a PPR domain is novel, differing from the established sequence-specific RNA 
model. Interestingly, RNA-based RNase P uses a similar mechanism to detect tRNAs and this is 
additional evidence of convergent evolution between RNA and protein-only forms of RNase P. 
Overall this work identifies the mechanism of PPR domain pre-tRNA recognition, providing a 
foundation for the elucidating the function and mechanism of other PPR-motif containing proteins.  
 1 
Chapter 1 Introduction 
 
The central dogma of molecular biology provides a framework for understanding the flow 
of genetic information within a biological system (1). Within this dogma, biological information 
encoded in DNA is synthesized into mRNA through transcription, followed by synthesis of protein 
encoded in mRNA via translation.  Critical to the process of translation is transfer RNA (tRNA), 
a 70-90 nucleotide RNA that serves as the physical link between mRNA and amino acids within 
the ribosome. tRNA is transcribed in cells as non-functional precursor tRNA (pre-tRNA) and must 
undergo several enzymatic maturation steps in order to play its essential role in translation (2, 3). 
The first of these steps is phosphodiester bond cleavage of the 5’ end catalyzed by a metal-
dependent endoribonuclease, Ribonuclease P (RNase P) (Figure 1-1). 
 
Figure 1-1 Pre-tRNA processing by RNase P.   
In all domains of life, mature 5’ ends of tRNA are generated by the action of ribonuclease P (RNase 
P). RNase P catalyzes endonucleolytic cleavage of the 5’ leader sequence of precursor tRNA 
producing a mature 5’ phosphate tRNA, and a 5’ leader with a 3’ hydroxyl. 
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1.1 Diversity of RNase P  
Due to its essential role, RNase P is found in all organisms apart from one; Nanoarchaeum 
equitans is an obligate symbiont that does not require RNase P as it does not encode for pre-tRNA 
with 5’ leaders within its genome (4, 5). Although RNase P is ubiquitous, variation in the 
biopolymer composition of the enzyme has led to the description of two types. The first type is a 
ribozyme, in which the catalytic subunit and active site are composed of RNA. The second type is 
protein-only RNase P, where the catalytic subunit is composed of protein and contains no RNA 
components. The existence of these two types of independently evolved RNase P provide the rare 
opportunity to compare convergent evolutionary strategies of RNA and protein-based catalysts.  
1.1.1 Ribonucleoprotein (RNP) RNase P  
The discovery that tRNAs within E. coli are transcribed as precursor tRNAs containing 
elongated 5’ and 3’ ends, led to a search for tRNA processing nucleases that revealed the first 
RNase P enzyme (6). The discovery of a 5’ endonuclease composed of a ~400nt catalytic RNA 
and ~120 amino acid protein subunit was the first example of an RNA catalyst (7, 8). This 
momentous work was carried out by Sidney Altman and colleagues; they shared the 1989 noble 
prize in chemistry with Thomas Cech for their “discovery of catalytic properties of RNA” (9). 
Bacterial RNase P remains the most well characterized RNase P enzyme due to it serving as a 
simple model for studying RNA catalysis.  
The bacterial RNase P RNA subunit, P RNA, alone is capable of efficient pre-tRNA 
processing in vitro in high ionic and divalent metal ion concentrations (8).  The bacterial RNase P 
protein component, RnpA, is required for efficient catalytic activity under cellular conditions (10, 
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11). The protein component directly contacts the 5’ leader of pre-tRNA and enhances the binding 
affinity for pre-tRNA and divalent metal ions (12).  
  Subsequent searches for RNase P activity in varying organisms revealed that RNA-based 
RNase P is present across all three domains of life (13). In all cases, RNA-based RNase P enzymes 
are ribonucleoprotein (RNP) complexes containing one catalytic RNA subunit in complex with up 
to ten protein subunits depending on the organism. Prokaryotic RNase P tends to contain fewer 
protein subunits than eukaryotic RNPs, potentially implicating a greater need for protein-based 
characteristics, such as pH and thermal stability, within eukaryotes (14).  Human and yeast nuclear 
RNase P are the most extensively studied eukaryotic RNA-based RNase P. In Saccharomyces 
cerevisiae the RNP complex is composed of one RNA and nine protein subunits (15). Biochemical 
and mass spectrometric characterization of this complex in vitro revealed that all ten subunits are 
required for optimal activity. The additional protein subunits produce a 20-fold increase in protein 
content compared to bacterial enzymes, consistent with a greater functional complexity of 
eukaryotic RNase P as these enzymes have been shown to catalyze cleavage of multiple substrates 
besides pre-tRNA (15–17).  
1.1.2 Eukaryotic Protein-only RNase P (PRORP) 
The first indication of a protein-only RNase P came from the discovery of RNase P activity 
in eukaryotic organelles that exhibited biochemical characteristics that differ from the RNA-based 
enzyme (18). The initial substantial indications of a protein-based RNase P came from human 
mitochondrial RNase P activity displaying insensitivity to nuclease treatment and a density more 
consistent with proteins than RNA (18).  These novel characteristics led Rossmanith and 
colleagues to perform an extensive search for the essential genetic components of human 
mitochondrial RNase P which in turn produced the discovery of the first protein-only RNase P 
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(19). Human mitochondrial RNase P was identified as a complex of three protein subunits: a tRNA 
m1G/C9 methyltransferase (MRPP1/TRMT10C), a hydroxysteroid 17-β dehydrogenase 10 
(MRPP2/SDR5C1), and a metallonuclease (MRPP3/HuPRORP) (20). MRPP3 contained a C-
terminal domain with strong homology to the flap endonucleases, a N-terminal pentatricopeptide 
repeat (PPR) domain (20). Discovery of human PRORP (huPRORP/MRPP3) enabled the genetic 
identification of MRPP3 homologs within other eukaryotic organisms such as plants, algae, and 
protists.  
PRORP activity was first demonstrated in three Arabidopsis thaliana PRORP isoforms: 
AtPRORP1, AtPRORP2, and AtPRORP3 (21). Although all three isoforms are encoded in nuclear 
genome, AtPRORP2 and AtPRORP3 localize to the nucleus, while AtPRORP1 localizes to the 
mitochondria and chloroplast. AtPRORP2 and AtPRORP3 are thought to be redundant as they 
share substrate selectivity and knockout of one isoform does not eliminate RNase P activity while 
double deletion of both is nonviable (22). This observation, in addition to the lack of RNA RNase 
P homologs in plant genomes, has led to the proposal that A. thaliana does not encode an RNA-
based RNase P. In contrast to the metazoan MRPP3, biochemical analysis of the A. thaliana 
PRORP homologs demonstrated that these enzymes function as single protein subunits and do not 
require additional subunits for activity (21). 
Like A. thaliana, the model bryophyte organism Physcomitrella patens (spreading 
earthmoss) expresses three PRORP homologs and does not appear to encode RNA-dependent 
RNase P (23).  In P. patens, two PRORP enzymes, PpPPR67 and PpPPR104 (pentatricopeptide 
repeat protein 67 and 104), localize to the mitochondria and chloroplast (23). The third PRORP 
variant, PpPPR63, localizes to the nucleus. Interestingly, knockout of PpPPR63 is nonlethal which 
may be indicative of an additional source of nuclear RNase P activity (23). The putative 
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mitochondrial PRORP, PpPPR67, may also localize to and function in the nucleus since it contains 
a nuclear localization sequence (NLS) identical to the one encoded in PpPPR63. In localization 
studies, PpPPR67 was labeled through N-terminal GFP fusion downstream of the NLS (23). 
Consequently, if alternative splicing of PpPPR67 leads to nuclear localization it would not have 
been observed in the localization studies.  
The alga, Ostreococcus tauri, encompasses a strikingly diverse inventory of RNase P 
variants. The O. tauri nuclear genome encodes for both a bacterial-like RNase P protein and an A. 
thaliana PRORP1 homolog, while the bacterial-like P RNA is encoded in the mitochondria and 
chloroplast genomes (24). Recombinant OtPRORP catalyzes 5’ pre-tRNA processing in vitro. The 
bacterial-like P protein activates bacterial P RNA, however, in vitro transcribed organellar P RNA 
of O. tauri exhibited no RNase P activity. Additionally, attempts to reconstitute O. tauri P RNA 
with either bacterial or O. tauri P protein did not produce activity.  This may indicate that similarly 
to all other eukaryotic RNA-based forms, O. tauri P RNA requires additional protein subunits for 
traditional RNase P activity or functions in a task distinct from catalyzing 5’ tRNA maturation 
(24). Further studies are needed to identify subcellular localization and function of these proteins 
and RNA in vivo.        
In the protozoan parasite Trypanosoma brucei, the causative agent of African sleeping 
sickness, all pre-tRNA 5’ processing is catalyzed by two PRORP isoforms. One isoform, 
TbPRORP1, localizes to the nucleus while TbPRORP2 localizes to the mitochondria (25, 26). Both 
PRORP homologs exhibit RNase P activity in vitro. Interestingly however, T. brucei and other 
trypanosomatids mitochondria do not encode tRNAs, but instead import them from the cytosol. 
Moreover, in vivo studies suggest these imported tRNAs are already processed and mature (26). 
This leaves the functional role of TbPRORP2 a question.  
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1.1.3 Homologs of Aquifex RNase P (HARP) 
At the time the work in the following chapters was carried out, protein-only forms of RNase 
P were thought to be unique to eukaryotic organisms (27). The discovery of PRORP within 
mammalian organelles led to subsequent genetic identification of PRORP homologs within many 
eukaryotic organisms. This belief supported an evolutionary model in which RNA-based RNase P 
had been replaced by proteinaceous RNase P within eukaryotes. Yet examples of early transitional 
proteinaceous enzymes displaying RNase P activity had not been found. In 2017, activity-based 
purification of RNase P in the hyperthermophilic bacterium Aquifex aeolicus yielded the discovery 
of a new form of RNA-free RNase P, termed Homologs of Aquifex RNase P (HARP) (28).  
Thereby potentially elucidating the evolutionary missing link in RNase P evolution.  
The identified enzyme is a 23-kDa protein (Aq_880) and the smallest known form of 
RNase P. Bioinformatic searches revealed that Aq_880 homologs are encoded in many archaea 
and several bacteria, however none in Eukarya (28). Due to these findings, it is proposed that 
bacteria acquired this enzyme through horizontal gene transfer from archaea. Interestingly, 
plasmid expression of Aq_880 was able to rescue lethal RNase P mutant strains in both S. 
cerevisiae and E. coli, although in both cases growth rate was reduced (28).  
 Although HARP was initially discovered and characterized in bacteria, it is primarily found 
within archaea.  Interestingly, studies on the archaea Haloferax volcanii and Methanosarcina 
mazei showed knockout of their HARP homologs had no effect on growth, while knockdown or 
knockout of H. volcanii RNP RNase P resulted in severe tRNA maturation defects and lethality, 
respectively (29). Therefore, HARP may not be a major source of 5’ tRNA maturation within 
archaea, but instead serve some unidentified function in RNA processing.   
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1.2 Structure of RNase P  
1.2.1 Structure of RNP RNase P 
 The bacterial RNP RNase P is composed of a large (350-420 nt) highly conserved catalytic 
P RNA and a small (14 kDa) protein subunit (30). The P RNA contains two individually folding 
domains, a catalytic (C) and a specificity (S) domain, which contain 5 conserved regions (CRI-V) 
found in all RNA-based RNase P (31). The C-domain accounts for about 60% of P RNA and 
contains CR-I, IV and V. The S-domain comprises 40% of P RNA and contains the remaining 
sequence conserved regions, CR-II and III (30, 32).  
Structural studies utilizing a large variety of techniques have been carried out on a number 
of bacterial RNase P enzymes (30, 33–38). Together these works have provided insight into the 
structure-function relationships at play in the bacterial ribozyme and informed further mechanistic 
and evolutionary study. One of the more informative of these studies was the X-ray crystal 
structure of the Thermatoga maritima holoenzyme bound to tRNAphe and a 5’ leader product (35). 
The structure confirmed the importance of conserved regions within the C-domain for active site 
formation where CR-I, IV and V enter non-helical conformations in which highly conserved 
residues interact with the tRNA acceptor stem, 5’ leader, P protein and likely two divalent metal 
ions. While nucleotides in CR-II and III of the S-domain intercalated between bases in the D and 
TΨC loops forming base-stacking interactions with the tRNA elbow.  
Although archaeal and eukaryotic P RNA is believed to fold similarly to the bacterial RNA, 
atomic resolution structures of these P RNAs have not been solved. Many of the regions shown to 
be important for substrate recognition and especially enzyme catalysis in bacterial P RNA are 
predicted to be structurally conserved. However, despite the presence of conserved regions and 
similarities in secondary structure to bacterial counterparts, eukaryotic and archaeal P RNA lack 
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several tertiary structural elements that stabilize bacterial P RNA (39). Absence of these structural 
elements may be reflected in the increased presence of protein subunits within archaeal and 
eukaryotic RNA-based RNase P which require at least 4 and 9 proteins, respectively.  
  
1.2.2 Structure of Eukaryotic PRORP 
X-ray crystal structures of plant and metazoan PRORP have been solved, revealing similar 
folds and overall structural homology within eukaryotic protein-based RNase P (40–43). The first 
reported PRORP structure was the crystal structure of functional recombinant AtPRORP1 (40). 
This construct (Δ76PRORP1) contained a 76 amino acid N-terminal truncation removing a 
mitochondrial targeting signal sequence. In this structure, PRORP1 adopts an overall “V”-shaped 
topology, in which the N-terminal arm, a PPR RNA-binding domain, is linked to the C-terminal 
arm, a novel Nedd4-bp1, YacP nuclease (NYN) metallonuclease domain, through a central Zn2+-
binding domain (Figure 1-2) (40). The pentatricopeptide repeat (PPR) domain contains 5.5 tandem 
PPR motifs, wherein each motif is composed of 35 amino acids which form two anti-parallel α-
helices that interact in a helix-turn-helix conformation. This series of PPR motifs form a 
superhelical structure containing a groove characteristic of other PPR RNA binding proteins. The 
PPR domain is linked to the metallonuclease domain through a conserved bipartite structural Zn2+ 
domain where a Zn2+ ion is coordinated between two anti-parallel β-sheets and two extended loops. 
The NYN metallonuclease domain contained an active site occupied by two Mn2+ ions which are 
coordinated by four conserved aspartate residues (D399, D474, D475, and D493) (40).The 
structure of AtPRORP2 was also solved, sharing a similar overall “V” topology with AtPRORP1 
but with several differences (41). First, the X-ray crystal structure of AtPRORP2 folded into a more 
open “V” conformation, where the PPR and metallonuclease domain form a larger degree angle. 
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Additionally, no metal ions were bound in the AtPRORP2 active site, where conserved aspartate 
residues, which coordinated Mn2+ ions in AtPRORP1, formed oligomeric interactions with the PPR 
domain of adjacent subunits. This oligomerization is thought to be a nonfunctional artifact of 
crystallization; however, it may contribute to the larger angle observed between the PPR and 
metallonuclease domain.  
 
Figure 1-2 Structural similarities and differences between AtPRORP1 and HuPRORP 
The overall topology and domain positioning of A. thaliana PRORP1 (A) is shared with 
huPRORP/MRPP3 (B). 
  
Structures of all three proteins that constitute human mitochondrial RNase P have been 
solved. MRPP1/TRMT10C is predicted to fold into two distinct domains, an N-terminal protein 
binding domain and a C-terminal SPOUT (SpoU and TrmD) methyltransferase domain (44). 
Although a full-length structure of MRPP1 is not known, an X-ray crystal structure of the C-
terminal methyltransferase domain has recently been solved (45). This domain contains a 
canonical SPOUT α/β fold with a S-adenosyl-L-methionine (SAM) bound to the methyltransferase 
active site. The reported structure of MRPP2/SDR5C1 revealed subunits forming a tetramer like 
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those formed by other short-chain dehydrogenase/reductase (SDR) proteins, with each subunit in 
direct contact with the other three subunits. Two crystal structures have been solved of 
MRPP3/HuPRORP, revealing an overall “V”-shaped topology analogous to the AtPRORP 
isoforms (Figure 1-2) (42, 43). Both structures were of recombinant constructs containing 
significant N-terminal truncations of the PPR domain and exhibited disordered active sites lacking 
metal ions in the NYN metallonuclease active site. While the authors propose this deviation from 
the single-subunit PRORP active site is due to a need for the additional protein subunits, addition 
of MRPP1/2 to this construct in vitro did not display activity.  Therefore, the mechanism of 
activation of MRPP3 by MRPP1/2 is still unclear.     
 Although no atomic resolution structure of the human mitochondrial RNase P holoenzyme 
exists, small angle X-ray scattering produced low-resolution models of the ternary complex (45). 
The ab initio models supported previous investigations that proposed a stoichiometry of 2 MRPP1, 
4 MRPP2 and 1 MRPP3 to 1 pre-tRNA, although the complex stoichiometry remains a question. 
Other aspects of these generated models are also unclear. The positioning of pre-tRNA within the 
ternary complex seems functionally counterintuitive, as it makes no contact with MRPP3 in either 
the PPR or metallonuclease domain. Additionally, a direct interaction of MRPP2 and MRPP3 
seemingly without MRPP1 or pre-tRNA involvement conflicts with size exclusion 
chromatography (SEC) and in vitro pull-down observations which saw no evidence of MRPP2-
MRPP3 complexation (28, 45, 46). 
1.2.3 Structure of HARP 
To date no structures of HARP enzymes have been reported. However, insights based on 
sequence homology and SEC data have provided insights on the ribonuclease structure and 
stoichiometry of HARP. Bioinformatic investigation of Aq_880 predicts a PIN domain-like fold 
 11 
similar to the characteristic NYN metallonuclease domains found in PRORP (28). Primary 
structure alignment of this putative domain with AtPRORP metallonuclease domain identified 
three aspartate residues with predicted functional equivalency to essential aspartates of the PRORP 
active site (28). Individual alanine mutation of these conserved aspartates abolished activity in 
vitro. These findings support the presence of a metallonuclease domain with similar structure to 
the NYN domain found in PRORP. Observations of a ~70 kDa protein complex of native and 
recombinant Aq_880 (~23 kDa) were observed through SEC and mass spectrometry, suggesting 
the formation of a stable homotrimer (28). 
1.3 RNase P Catalysis 
1.3.1 Catalysis by Bacterial RNase P 
As the first discovered true ribozyme, the elucidation of the chemical mechanism of RNase 
P was highly sought as an example of RNA-based catalytic strategies. Early RNase P processing 
studies demonstrated that in vitro and in vivo cleavage by RNase P resulted in 5’-phosphate and 
3’-hydroxyl products (47). Additionally, no evidence of transient products or covalent enzyme–
substrate bond formation was found. Catalytic studies on the RNA subunits of E. coli (M1 RNA), 
and B. subtilis (P RNA) RNase P, demonstrated that catalytic activity required divalent metal ions 
(8, 47). The results showed that both Mg2+ and Mn2+ metal ions activated endonuclease activity in 
a concentration dependent manner. However, Mn2+ was only active in the presence of Mg2+, while 
Mg2+ alone displayed the greatest catalytic efficiency (48). Due to this, Mg2+ was deemed the 
putative native cofactor of RNase P.  Additionally, catalytically inactive divalent metal ions, such 
as Ca2+, inhibit activity through competition with Mg2+ binding sites. Based on these initial 
findings, Altmann and colleagues hypothesized that metal ion dependence was due to the 
functional role of two RNA bound divalent cations (49). One of these being a catalytic Mg2+ ion 
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directly involved in chemistry, which forms a Mg2+-H2O to catalyze nucleophilic hydrolysis of the 
phosphodiester bond, while a second divalent metal ion fulfills a more structural role e.g., 
coordinating functional groups or facilitating conformational change. Decades later, subsequent 
studies demonstrated that a minimum of two metal ions were important for the catalytic activity 
while additional metal ions were important for stabilizing the structure of P RNA and pre-tRNA 
(10, 11, 50–52). These data have led to the proposed chemical mechanism shown in Figure 1-3 
(35).  
 
Figure 1-3 A catalytic mechanism of RNase P 
Both the bacterial (A) RNA-dependent enzyme and PRORP (B), share a general two metal ion 
mechanism. 
 
A minimal four-step kinetic mechanism has been proposed for B. subtilis RNase P (Figure 
1-4) (11). This mechanism consists of RNase P (E) and pre-tRNA (S) association (ES) through a 
bimolecular binding event followed by a conformational change to a catalytically competent 
conformer (ES*). The catalytically competent conformation then proceeds to product formation of 
5’ mature tRNA (P) and a 5’ leader (L) through phosphodiester bond cleavage followed by product 
release. All of the kinetic steps leading to the formation of products are metal ion dependent. 
Chemical cleavage of pre-tRNA exhibits a log-linear dependence on pH through a Hill coefficient 
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of nH = 1. This relationship agrees with the proposed chemical mechanism in which a metal 
hydroxide acts as the nucleophile in catalysis.  
 
Figure 1-4 Minimal kinetic mechanism of bacterial RNase P 
Bimolecular binding followed by a conformational change lead to pH-dependent catalysis and 
product release.  
 
1.3.2 Catalysis by PRORP 
 One of the proposed theories within the RNA world theory is that RNA catalysts were 
replaced by protein enzymes through selectivity for increased catalytic efficiency. This does not 
seem to be the case in the evolution of RNase P from an RNA to a protein catalyst, where kinetic 
studies have shown that the efficiency of pre-tRNA cleavage is equivalent or reduced. 
Interestingly, this comparable catalytic efficiency may be partially due to a shared chemical 
mechanism (53). The elucidation of the structure of AtPRORP1 revealed an active site containing 
two divalent metal ions analogous to those found in the structure of bacterial RNase P (40). 
Additionally, the catalytic activity of PRORP had a cooperative dependence on magnesium 
concentration (n = 2) and mutation of the aspartate residues coordinating these ions led to drastic 
decreases in activity.  Furthermore, the pre-tRNA cleavage activity of PRORP revealed a single 
ionization with enhanced activity a high pH (pKa = 8.7), consistent with deprotonation of a metal-
bound water nucleophile (53). These data have led to a putative catalytic mechanism thought to be 
shared amongst all protein-only RNase P enzymes (Figure 1-3) (53). Overall, the similarities 
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between this chemical mechanism and that of the RNA-based enzyme support a catalytic 
mechanism in which either the protein or RNA produce a scaffold that binds substrate and 
facilitates divalent metal ion hydrolysis.  
1.4 Substrates and Substrate Recognition   
RNase P enzymes recognize a diverse set of substrates and catalyzes the cleavage of several 
RNA substrates in vivo and in vitro. Although the essential role of RNase P in tRNA processing 
remains the most studied, bacterial RNase P has shown to have similar catalytic efficiencies for 
several non-tRNA substrates: pre-4.5S RNA, pre-tmRNA, as well as various mRNAs and 
riboswitches (54). Additionally, noncoding RNAs have been shown to be native substrates of S. 
cerevisiae RNA-dependent RNase P (55). Within plants, the ability of PRORPs to efficiently 
recognize and cleave structured viral RNA has been utilized to engineer virus resistant plants. This 
diverse substrate pool implicates the importance of RNase P in cellular RNA maintenance.  
However, pre-tRNA is the only RNase P substrate that is common among all organisms, and tRNA 
recognition and processing remains the most studied functional role of this enzyme. As such, pre-
tRNA will remain the focus of my discussion of RNase P substrate recognition.  
1.4.1 Structural Features of Pre-tRNA 
The essential role that RNase P plays in processing of tRNA presents the challenge of 
recognizing a specific set of diverse RNA substrates with varying sequences. Due to the diversity 
of tRNA sequences, it is thought that a major aspect of RNase P substrate specificity is recognition 
of conserved pre-tRNA structural features. Throughout all domains of life most tRNAs share a 
canonical structure composed of a cloverleaf secondary structure which folds into a L-shaped 
tertiary structure (Figure 1-5) (56) . However, one of the few examples where tRNAs stray from 
this structural canon is within mitochondrial-encoded tRNAs of the Animalia kingdom. Within 
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animal mitochondria tRNAs are divided into 4 types based on their primary and secondary 
structure: Type 0 is similar to the canonical tRNA preserving canonical intermolecular interactions 
and fold, Type I and II contain truncated structural elements that result in deviations from 
conserved tertiary interactions, while Type III lacks the conserved D-loop entirely (Figure 1-5) 
(57).  This deviation from canonical structure has led to the suggestion that the additional protein 
subunits of metazoan mtRNase P may have evolved specifically to recognize these substrates.  
 
Figure 1-5 Structural features of tRNAs [adapted from Xin Liu] 
The (A) primary and (B) secondary structure of B. subtilis tRNAAsp, highlighting conserved 
tertiary regions and interactions. (C) The overall tertiary fold of tRNA. 
 
1.4.2 Substrate Recognition by Bacterial RNase P  
As mentioned previously, the protein component of bacterial RNase P, RnpA, is not 
necessary for catalysis in vitro. Studies investigating the role of RnpA in B. subtilis RNase P 
revealed that although the protein subunit plays modest roles in product dissociation and 
phosphodiester bond cleavage, it predominantly affects pre-tRNA affinity (58, 59). Compared to 
P RNA alone, the BsRNase P holoenzyme exhibits a 10-fold greater affinity for pre-tRNAAsp in 
vitro (60). This increase in substrate affinity is achieved through direct interactions with the 5’ 
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leader sequence of pre-tRNA (51). Kinetic and binding studies on varied 5’ leader lengths showed 
that while the cleavage rate constant was unaffected, substrate binding affinity for the holoenzyme, 
but not P RNA alone, varied with the leader length. Specifically, it was shown that binding affinity 
for the holoenzyme increased with leader length from 2 to 5 nucleotides, indicating that 
interactions between these 5’ leader nucleotides and RnpA are important for substrate recognition 
(61). Interactions between the 5’ leader and RnpA subunit also increase magnesium ion affinity 
for the RNase P-pre-tRNA complex.  
Elements of sequence-specificity also contribute to bacterial RNase P pre-tRNA 
recognition. In E. coli and B. subtilis, analysis of pre-tRNA gene sequences revealed consensus 
recognition elements within the 5’ leader and the 3’ RCCA motif (62). Sequence preference in the 
5’ leader is predominately seen in the -1 and -2 positions, with significant preference for uracil in 
the -1 position, and adenine in the -2 position (61). This base-specific preference is supported by 
the statistical partiality for these bases within pre-tRNA substrates. At the 3’ end, the tRNA RCCA 
motif base pairs to a GGU sequence within the C-domain, increasing substrate and Mg2+ ion 
affinity.       
Interactions of RNase P with the tRNA D-/T-loop domain play an important role in 
substrate recognition and cleavage. The tRNA D-/T-loop region is a unique tRNA structural motif 
that is utilized as a site of tRNA recognition by several enzymes. Prior to the solution of the T. 
maritima RNase P-tRNA structure, multiple studies using a variety of techniques had indicated 
that residues of the tRNA D-/T-loop region in pre-tRNA interact with P RNA upon binding (63–
70). Studies investigating the importance of the D-/T-loop for substrate recognition by bacterial 
RNase P demonstrated that various model substrates which mimicked the tRNA D-/T-loop region 
and acceptor stem but lacked other conserved structural features of pre-tRNA were recognized and 
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cleaved, although with greater rates of miscleavage (71). Together, these data support an induced-
fit mechanism for pre-tRNA cleavage, where initial association of RNase P to pre-tRNA at regions 
of the tRNA body induce conformational changes that facilitate proper binding and cleavage of 
the 5’ leader.  
1.4.3 Substrate Recognition by PRORP 
Prior to the work described in the following chapters, little was known about the specific 
interactions that facilitate PRORP pre-tRNA recognition. Substrate specificity studies of 
AtPRORP isoforms demonstrated little change in catalytic efficiency with a variety of substrates, 
indicating they shared a similar substrate recognition mechanism (72). Furthermore, these studies 
revealed that 5’ leader and 3’ trailer length were not important determinants for pre-tRNA 
recognition. Functional contacts with these extraneous sequences are not present, as pre-tRNA 
substrates with either 1-nt leaders or trailers were efficiently bound and processed.    
The PPR domain, a known RNA binding domain, is essential for substrate recognition and 
processing. Various deletions of PPR motifs greatly reduced binding affinities and, in many cases, 
eliminated cleavage activity (73).  RNA footprinting experiments have shown that conserved 
nucleotides (G18, G19, C56, and C57), that form tRNA tertiary interactions in the D-/T-loop 
region, are protected in the presence of AtPRORP1 (73). These data imply that, like RNA-
dependent RNase P, direct interactions with this region play a role in pre-tRNA recognition. 
Modeling of pre-tRNA bound to the structure of PRORP suggests that the D-/T-loop region may 
be recognized by the PPR motifs. In other PPR proteins, tandem PPR motifs bind single-stranded 
RNA (ssRNA) in a sequence-specific manner (74). This is achieved through modular binding, 
where amino acids 4 and 34 of each PPR motif recognize one specific nucleotide. It is unclear how 
this may pertain to PRORP recognition as the set of pre-tRNA sequences bound by PRORP are 
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not conserved. Furthermore, the D-/T-loop region predicted to interact with the PPR motifs, enters 
a structural fold where nucleotides are not as available to form interactions as compared to ssRNA.  
As previously mentioned, many tRNAs encoded in the mitochondria of metazoans contain 
unique unorthodox primary structures that abolish canonical tertiary interactions. Therefore, 
substrate recognition strategies of metazoan mitochondrial RNase P may deviate from those of 
other RNase P enzymes. This perceived need for a unique substrate recognition mechanism may 
explain the necessity for additional protein subunits required for catalysis.  
1.5 Conclusion 
Collectively, the past half a century work on RNase P enzymes has produced the discovery 
of the first true RNA catalyst, an example of RNA nuclease activity, insights into tRNA maturation 
and biogenesis, and a unique opportunity to compare the catalytic strategies of RNA and protein 
enzymes. There are numerous reasons why further study of this essential enzyme is a worthwhile 
endeavor.  It has been shown that changes in human mitochondrial RNase P activity may contribute 
to several forms of mitochondrial dysfunction (75), and bacterial RNase P may present a suitable 
antibiotic target. Furthermore, increased understanding of RNase P mechanisms and function may 
provide insight into the shift from RNA to protein-based catalysis predicted in the RNA world 
theory. Finally, the ubiquitous presence of RNase P and its function as a necessary component for 
the translation of biological information, make understanding of its molecular mechanism of 
function a significant contribution to our understanding life.   
1.6 Objective 
Previous work on RNA-based and protein-only RNase P revealed that both compositional 
types of the enzyme share a near identical chemical mechanism. Yet clarification of the molecular 
recognition mechanism of PRORP remained poorly understood. Thus, the following work entails 
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efforts to elucidate the substrate recognition mechanism of eukaryotic PRORP, focusing on 
contributions within the RNA binding PPR domain. Chapter 2 showcases a biochemical 
investigation of AtPRORP1 PPR domain interactions with pre-tRNA. Site-directed mutagenesis, 
nucleic acid binding theory and cross-linking data indicate several specific interactions which are 
combined with past X-ray structures to produce a model of PRORP bound to pre-tRNA. Chapter 
3 describes the crystal structure of the PRORP1 PPR domain bound to tRNA. This structure 
validates many of the interactions predicted by the model in Chapter 2 and reveals a new 
mechanism of RNA recognition for PPR proteins. Lastly, Chapter 4 discusses the significance and 
implications of this work and describes potential future directions of study.  
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 2 
Chapter 2 Molecular Recognition of Pre-tRNA by Arabidopsis Protein-only Ribonuclease 
P1
 
2.1 Abstract 
Protein-only ribonuclease P (PRORP) is an enzyme responsible for catalyzing the 5' end 
maturation of precursor transfer ribonucleic acids (pre-tRNAs) encoded by various cellular 
compartments in many eukaryotes. PRORPs from plants act as single-subunit enzymes and have 
been used as a model system for analyzing the function of the metazoan PRORP nuclease subunit, 
which requires two additional proteins for efficient catalysis. There are currently few molecular 
details known about the PRORP-pre-tRNA complex. Here, we characterize the determinants of 
substrate recognition by the single subunit Arabidopsis thaliana PRORP1 and PRORP2 using 
kinetic and thermodynamic experiments. The salt dependence of binding affinity suggests 4–5 
contacts with backbone phosphodiester bonds on substrates, including a single phosphodiester 
contact with the pre-tRNA 5' leader, consistent with prior reports of short leader requirements. 
PRORPs contain an N-terminal pentatricopeptide repeat (PPR) domain, truncation of which results 
 
1 The following chapter has been published in RNA: Klemm BP, Karasik A, Kaitany KJ, 
et al. Molecular recognition of pre-tRNA by Arabidopsis protein-only Ribonuclease P. RNA. 
2017;23 (12):1860-1873. My contributions to this work include the molecular cloning and 
purification of several Arabidopsis Thaliana PRORP1 variants.  I characterized these, and other 
variants, through performing fluorescence anisotropy binding assays and single-turnover kinetic 
assays at varying salt concentrations for analysis of RNA phosphodiester backbone – protein 
binding interactions. Additionally, I produced fluorescently labeled pre-tRNA used within this 
chapter (B. subtilis pre-tRNAASP) through in vitro transcription. I took part in data analysis, writing 
and editing of the final manuscript and was responsible for running additional assays that were 
requested by reviewers during the submission process.  
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in > 30-fold decrease in substrate affinity. While most PPR-containing proteins have been 
implicated in single-stranded sequence specific RNA recognition, we find that the PPR motifs of 
PRORPs recognize pre-tRNA substrates differently. Notably, the PPR domain residues most 
important for substrate binding in PRORPs do not correspond to positions involved in base 
recognition in other PPR proteins. Several of these residues are highly conserved in PRORPs from 
algae, plants, and metazoans, suggesting a conserved strategy for substrate recognition by the 
PRORP PPR domain. Furthermore, there is no evidence for sequence specific interactions. This 
work clarifies molecular determinants of PRORP-substrate recognition and provides a new 
predictive model for the PRORP-substrate complex. 
2.2 Introduction  
Ribonuclease P (RNase P) enzymes are essential endonucleases with diverse 
macromolecular composition that are responsible for catalyzing the maturation of the 5' end of 
pre-tRNA (Howard et al. 2013). In many biological settings, RNase P is a ribonucleoprotein 
complex containing a large catalytic RNA capable of processing pre-tRNAs in vitro (Guerrier-
Takada et al. 1983). Additionally, one or more associated protein components are required for 
function in vivo (Walker and Engelke 2006; Marvin and Engelke 2009). In bacterial RNase P, the 
protein subunits increase substrate affinity and the ability of divalent metal ions to bind at specific 
sites (Crary et al. 1998; Kurz et al. 1998; Niranjanakumari et al. 1998; Kurz and Fierke 2002). 
In many eukaryotic species, including protists, algae, land plants, and metazoans, protein-
only RNase Ps (PRORPs) have been identified (Holzmann et al. 2008; Gobert et al. 2010; Lai et 
al. 2011; Taschner et al. 2012). Human mitochondrial RNase P (mtRNase P) was the first PRORP 
described and it requires 2 additional protein subunits for activity (Holzmann et al. 2008). These 
subunits are an m1G/A9 tRNA-methyltransferase (TRMT10C, also MRPP1) and a hydroxysteroid 
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dehydrogenase/reductase (HSD17B10, also MRPP2), which form a sub-complex (Holzmann et al. 
2008; Vilardo et al. 2012). MRPP1 and MRPP2 are proposed to contribute primarily to substrate 
recognition. 
In contrast to the metazoan PRORP, the PRORPs from algae, protists, and plants do not 
require additional subunits for efficient catalysis in vitro (Gobert et al. 2010; Lai et al. 2011; 
Gutmann et al. 2012; Taschner et al. 2012; Sugita et al. 2014; Howard et al. 2015; Bonnard et al. 
2016), suggesting differences in substrate recognition. The three PRORPs from A. thaliana are 
designated PRORP1–3. AtPRORP1 localizes to the mitochondria and chloroplasts where it is 
responsible for catalyzing pre-tRNA maturation (Gobert et al. 2010), while AtPRORP2 and 
AtPRORP3 co-localize to the nucleus and are not fully redundant in nuclear pre-tRNA processing 
(Gutmann et al. 2012). AtPRORP1 utilizes a metal ion-dependent mechanism similar to the 
mechanism of the ribozyme, relying on ionization of metal-bound waters for nucleophile activation 
in catalysis (Chen et al. 1997; Howard et al. 2015). Given the additional mechanistic information 
and the relative simplicity of the AtPRORPs, they have been used as a model system to study 
PRORP-substrate molecular recognition. 
PRORPs contain a unique three-domain architecture (Figure 2-1A). An N-terminal 
pentatricopeptide repeat (PPR) domain significantly enhances the affinity for substrate and 
truncation of the first 3–4 repeats abolishes catalytic activity (Howard et al. 2012; Imai et al. 2014; 
Karasik et al. 2016). Thus, the PPR domain is proposed to both bind and orient substrate with 
respect to the metallonuclease domain (Howard et al. 2012). In addition, the nuclease domain is a 
member of the Nedd4-BP1, YacP nuclease (NYN) family (Anantharaman and Aravind 2006). 
Lastly, a bipartite CC/HC Zn2+-binding domain flanks the NYN domain (Howard et al. 2012). Our 
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current understanding of how each domain, in particular the PPR domain (Figure 2-1B, Figure 2-
8), contributes to PRORP substrate recognition is limited. 
Previous results suggest differences in substrate recognition between the bacterial RNA-
dependent RNase P and PRORP. Unlike the ribozyme, the PRORP active site metal ions 
apparently do not contact the pro-RP oxygen (Pavlova et al. 2012), but rather contact the pro-SP 
oxygen of the scissile phosphodiester bond (Walczyk et al. 2016). Furthermore, while the 3'-CCA 
is specifically recognized by bacterial RNase P RNA, it is either inhibitory or immaterial to 
AtPRORP activity (Gobert et al. 2013; Brillante et al. 2016; Mao et al. 2016). Additionally, 
AtPRORP1 and AtPRORP3 do not significantly contact either the 5' leader sequence beyond N-2 
or the 3' trailer (Figure 2-2A); these regions do not alter substrate affinity or catalytic activity 
(Brillante et al. 2016; Howard et al. 2016). The minimal 5' and 3' end interactions indicate that 
PRORP substrate recognition lies primarily within the tRNA body. 
 
Figure 2-1 Structure of Arabidopsis thaliana PRORP1 (PDB 4g24), generated in PyMOL 
(Schrödinger 2010).  
(A) Overall architecture of AtPRORP1. PPR motifs are in green and numbered from the N-terminal 
end, a plant-specific helical insertion in purple (α12–13), central domain in red, and NYN domain 
in blue. Mn2+ ions displayed as pink spheres and Zn2+ ion displayed as a gray sphere. The region 
marked by the dashed box is expanded in panel B. (B) AtPRORP1 PPR domain motifs 2–4, 
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generated in PyMOL. For each PPR motif, position 1 is colored yellow, position 3 is colored cyan, 
position 6 is colored purple, and position 10 is colored pink. 
Previously, a nuclease footprinting assay demonstrated that there was significant protection 
of bases in the D- and TψC-loops (Figure 2-2A) by AtPRORP1 (Gobert et al. 2013). Given these 
data and the likelihood that the NYN domain binds at the scissile phosphodiester bond, it was 
proposed that the PPRs recognized the pre-tRNA elbow, the structure formed by interaction 
between the D- and TψC-loops (Gobert et al. 2013). However, this proposal remains to be tested. 
Recent attempts to alter base specificity of the PPR domain in AtPRORP3 were unsuccessful 
(Brillante et al. 2016). Furthermore, while the TψC-arm is sufficient for recognition and catalysis 
by plant PRORPs, the presence of a D-arm increases the affinity significantly (Brillante et al. 2016; 
Howard et al. 2016). These data provide a basis for examining the features of PRORP that 
contribute to recognition of pre-tRNA. 
 
Figure 2-2 Substrates used for functional assays.  
 6 
(A) Substrates containing a 5'-fluorescein label include pre-tRNAAsp from Bacillus subtilis and 
Arabidopsis thaliana pre-tRNACys and pre-tRNAGly from the mitochondrial and nuclear genomes, 
respectively. Structural features of pre-tRNA are detailed on pre-tRNACys, including the 5' leader, 
3' trailer, and the D- and TC-loops. Black arrows indicate canonical RNase P cleavage site. (B) 
Fluorescence anisotropy binding curves for AtPRORP1 binding to B. subtilis pre-tRNAAsp (log 
scale). A hyperbola (Equation 1, Materials and Methods) was fit to the data. Data were measured 
in 30 mM MOPS pH 7.8, 1 mM TCEP, and 20 mM CaCl2 with 250 mM (), 330 mM (◼), 450 
mM (⧫), and 550 mM NaCl (⚫). (C) Na+-dependence of AtPRORP affinity. Equation 4 (Materials 
and Methods) was fit to the data. The slope of the line (Z) reports on the apparent number of ionic 
interactions with substrate phosphodiester bonds, while the intercept [log(K0)] reports on the non-
ionic contributions to affinity. Data include AtPRORP1 binding to pre-tRNAAsp (⧫) and pre-
tRNACys (⚫) in 20 mM Ca2+, as well as AtPRORP2 in 6 mM Ca2+ binding to pre-tRNAAsp () and 
pre-tRNAGly (). 
A model of substrate-bound AtPRORP1 was previously generated using molecular 
dynamics and includes the PPR domain docked to the TψC-loop (Imai et al. 2014). The authors 
assumed that PRORPs use the recognition strategy employed by several single-stranded RNA 
binding PPR proteins. The ssRNA-binding PPR proteins recognize nucleobases utilizing residues 
in two tandem repeats at positions 6 and 1’ (Figure 2-1B, Figure 2-8), as well as hydrophobic 
amino acids at position 3 that contribute to binding affinity by van der Waals or stacking 
interactions (Barkan et al. 2012; Yagi et al. 2013). Cleavage assays catalyzed by AtPRORP1 
indicated that mutations to position 6 of PPR motifs 2, 3, and 4 reduce activity modestly (≤ 70% 
reduction) (Imai et al. 2014). However, the full suite of PPR residues important for PRORP 
substrate recognition remains to be identified. 
Here, we characterize the mode of substrate binding and recognition by the highly 
conserved AtPRORP1 and 2 using a variety of biochemical techniques. The salt-dependence of 
pre-tRNA affinity indicate that AtPRORP1 and AtPRORP2 make at least four direct contacts to 
substrate backbone phosphodiester bonds, including a single phosphodiester bond contact with the 
pre-tRNA leader. Importantly, these interactions with the backbone are not sequence specific. 
However, the salt-dependence of affinity for mature tRNA also demonstrates that a significant 
portion of the affinity for substrate stems from interactions with the sugars and/or bases in the body 
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of the substrate, in a contrast to the bacterial ribozyme, which makes far more contacts to the 5' 
leader and 3' CCA. To test whether AtPRORP1 uses canonical PPR-nucleobase interactions, we 
mutated both residues in the PRORP PPR domains and nucleotides in a pre-tRNA substrate and 
assessed how the mutations impact the PRORP-pre-tRNA affinity. In contrast to other known PPR 
proteins, PRORP does not exhibit demonstrable sequence selectivity for substrate affinity, 
suggesting that substrate recognition relies instead on the three-dimensional structure of pre-tRNA. 
These experiments provide a biochemical framework for understanding molecular recognition of 
complex RNA structures by the non-canonical PPRs of plant PRORPs. 
2.3 Materials and Methods 
Enzyme preparation 
Variants of Δ76 AtPRORP1 and full length AtPRORP2 were generated by site directed 
mutagenesis (Hutchison et al. 1978). Sequences were verified at the University of Michigan DNA 
Sequencing Core facility. Variants were expressed in Rosetta™, Rosetta 2™ or BL21(DE3) E. 
coli (Novagen/EMD Millipore) from the T7 promoter on a pETM-11 (encoding His6-TEV-
AtPRORP1) or pMCSG7 (His6-TEV-AtPRORP2) vector in LB media with 50 μg/mL kanamycin 
and 33 μg/mL chloramphenicol for selection of pETM-11 and pRARE (a plasmid encoding rare-
codon tRNAs in the Rosetta cell lines) or 100 µg/mL ampicillin for selection of pMCSG7. Wild 
type Δ76 AtPRORP1 and full length AtPRORP2 and variants of these enzymes were purified as 
described previously (Howard et al. 2012; Howard et al. 2015; Karasik et al. 2016). 
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Substrate preparation 
Substrates were prepared as described previously (Howard et al. 2012; Howard et al. 
2015). Briefly, substrates were synthesized by run-off transcription from restriction-digested 
plasmid encoding pre-tRNA, a PCR-amplified template DNA, or a commercially synthetized 
ultramer oligo (IDT) (Milligan and Uhlenbeck 1989). In vitro transcription was carried out in the 
presence of 5'-O-monophosphorothioate guanosine (GMPS) in 5:1 excess of GTP. The pre-tRNA 
containing a 5'-GMPS was reacted with 5-iodoacetamidofluorescein (5-IAF) to generate a 5'-
fluorescein label. The pre-tRNA product was gel purified using 12% urea-PAGE and substrate 
was eluted from the gel using the crush-soak method (Milligan and Uhlenbeck 1989). The purified 
pre-tRNAs were washed and concentrated using 10 kDa MWCO Amicon® Ultra Centrifugal 
Filters, then ethanol precipitated. Substrate stocks were resuspended in 10 mM 
tris(hydroxymethyl)aminomethane (Tris) pH 8.0 with 1 mM EDTA, quantified by absorbance and 
stored at –20 or –80°C. The extinction coefficients at 260 nm for total RNA concentration are: 
685000 M-1 cm-1 for Bacillus subtilis pre-tRNAAsp (experimentally determined by alkaline 
hydrolysis), 674390 M-1 cm-1 for A. thaliana mitochondrial pre-tRNACys (experimentally 
determined by alkaline hydrolysis), and 870700 M-1 cm-1 for A. thaliana nuclear pre-tRNAGly 
(calculated). The fluorescein concentration was measured at 492 nm (extinction coefficient = 
78000 M-1 cm-1). Variants of pre-tRNAAsp were generated by site-directed mutagenesis (Hutchison 
et al. 1978). Sequences were verified at the University of Michigan DNA Sequencing Core facility. 
Immediately before initiating an assay, substrates were thawed, diluted with H2O, and heated at 
95°C for 60–90 seconds. Substrates were re-folded by cooling to 25°C for ≥ 10 min, then 
incubating with buffer (as specified for each assay) for ≥ 10 min. 
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Anisotropy binding assays 
Thermodynamic binding assays were performed in a 96-well plate format as previously 
described (Howard et al. 2012; Howard et al. 2015). Briefly, WT AtPRORP1 was serially diluted 
and mixed 1:1 with a concentration of pre-folded pre-tRNA containing a 5-fluorescein. In all 
experiments the maximum enzyme concentration ([P]) was at least three times greater than the KD 
and the pre-tRNA concentration at least five times lower than the KD. In all cases, the data were 
well-described by a hyperbolic binding curve (Equation 1). Reactions were incubated at 28 ± 1°C 
in 30 mM MOPS pH 7.8, and 1 mM TCEP (AtPRORP1) or 1 mM DTT (AtPRORP2). The NaCl 
concentration was varied between 0.025–1.0 M. Unless otherwise specified, assays contained 20 
or 6 mM CaCl2 for AtPRORP1 and AtPRORP2, respectively. The CaCl2 concentrations were 
chosen to maintain the KD values in the measurable range. For AtPRORP1, decreasing the CaCl2 
concentration to 6 mM increased the KD values (65%) but altered the slope of the Na
+-dependence 
< 10% (data not shown). When varying the Na+ salt, we maintained constant Na+ at 330 mM. 
Changes in anisotropy of the 5'-fluorescein-pre-tRNA was measured with a Tecan Ultra plate 
reader with polarizing filters using excitation and emission wavelengths of 485 and 535 nm, 
respectively. Readings were taken 3–5 times over the course of 15–20 minutes to ensure that the 
reading was stable. 
𝐹𝐴 = 𝐹𝐴0 +
∆𝐹𝐴•[𝑃]
[𝑃]+𝐾D
 (1) 
Single-turnover assays 
Single-turnover kinetic assays for AtPRORP1 were performed in a stopped-format as 
previously described (Howard et al. 2012; Howard et al. 2015). Briefly, enzyme was mixed with 
pre-folded B. subtilis pre-tRNAAsp with a 5-nt leader and a 5'-fluorescein to final concentrations 
of 5 μM and 30 nM, respectively. For R184A assays, 30 nM substrate was incubated with 1–50 
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μM enzyme. Reactions were incubated at 25°C in 30 mM MOPS pH 7.8, 1 mM TCEP, with MgCl2 
and NaCl varied as indicated for a given assay. Aliquots were removed at various times and mixed 
1:1 with a 2x quench dye (6 M urea (MP Biochemicals), 100 mM EDTA (Acros Organics), 0.1% 
bromophenol blue (BPB; Fisher Scientific), 0.1% xylene cyanol (XC; United States Biochemical 
Corporation), and 2 μg/μL bulk yeast tRNA (Fisher Scientific)). Products were resolved from 
substrate by fractionation on a ≥ 20% urea-PAGE and the gels were scanned using a Typhoon 
9410 (GE Life Sciences) in fluorescence mode with a 532 nm green laser and fluorescein emission 
filter. Assays for AtPRORP2 were carried out using the same conditions, but changes in 
polarization upon cleavage were detected by ClarioStar (BMG Labtech) in 96-well plate format. 
The observed rate constants (kobs) were determined by quantifying the fraction product using 
ImageQuant 5.2 software and fitting a single exponential (Equation 2, where A is the endpoint, B 
is the amplitude, and t is the time) to the data using KaleidaGraph 4.0 software. At low 
concentrations of NaCl (below ≈ 90 mM), the 5' leader product degraded after it appeared and did 
not accumulate to 100%. A double exponential was fit to these data and the kobs from the phase 
with increasing product is reported. The IC50 for inhibition of AtPRORP1 by NaCl was determined 
by fitting Equation 3 to the dependence of the STO kobs on the NaCl concentration (as described 
in the Results section). 
Fraction Product = A –B(𝑒−𝑘obs∗𝑡) (2) 
kobs=
kmax
(1+(
[Na+]
IC50
)
n
)
      (3) 
Sodium dependence 
Equation 4 is an approximation of Equation S1 (shown in the supporting methods) that 
describes the dependence of the affinity on cations when effects from pH, anions, and divalent 
ions are negligible or can otherwise be precluded by maintaining constant pH and divalent ions 
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and observing the log-linear region of the decreasing affinity. The dependent variable is the 
monovalent cation concentration ([M+]). The parameters include a “standard affinity” at 1 M M+ 
(K0), the apparent number of phosphodiester bonds on the substrate interacting with the protein 
(Z), and the fraction of phosphodiester bonds in the nucleic acid that thermodynamically associate 
with a monovalent ion (𝜑). When divalent cations are varied in the absence of monovalent ions, 
the slope is distinguished by replacing 𝜑 with 𝜙. Standard affinity values were converted to 
energetic values using Gibbs free energy definitions and assuming equilibrium conditions 
(Equation 5), for which R is the gas constant (1.987 cal K-1 mol-1) and T is the temperature (300K 
for our assays). 
– log KD = log K0 –Zφ •log[M
+] (4) 
∆𝐺 = −𝑅𝑇 ln 𝐾0  (5) 
Model building 
Crystal structures of AtPRORP1 (PDB ID: 4g23) and AtPRORP2 (PDB ID: 5diz) and yeast 
tRNAPhe (PDB ID: 1ehz) were used to model the elbow region of pre-tRNA bound to the proteins. 
Initial models were obtained using ZDOCK server (Pierce et al. 2014) and these were processed 
through iterative rounds of manual adjustment by PyMOL (Schrödinger 2010). The model amino 
acid or nucleotide geometry regularization and use of allowed side chain rotomers were corrected 
with Coot (Emsley et al. 2010). The coordinates of these models are available upon request. 
Reagents 
Reagents used in this manuscript include 3-morpholinopropane-1-sulfonic acid (MOPS; 
Acros Organics), tris(2-carboxyethyl)phosphine (TCEP; Gold Biotechnology, Inc.), 1,4-dithio-D-
threitol (DTT; Gold Biotechnology, Inc.) 5-iodoacetamidofluorescein (5-IAF; Life Technologies), 
ethylenediaminetetraacetic acid (EDTA; Acros Organics), tris(hydroxymethyl)aminomethane 
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(Tris; Fisher Scientific), magnesium chloride (MgCl2; Fisher Scientific), calcium chloride (CaCl2; 
Sigma-Aldrich), sodium chloride (NaCl; Sigma-Aldrich), sodium acetate (NaAc; Fisher 
Scientific), sodium bromide (NaBr; Sigma-Aldrich), sodium iodide (NaI; Sigma-Aldrich), sodium 
nitrate (NaNO3; Sigma-Aldrich), sodium sulfate (Na2SO4; Fisher Scientific), 5’-O-
monophosphorothioate guanosine (GMPS, synthesized), nucleoside triphosphates (NTPs; Sigma-
Aldrich), kanamycin (Acros Organics), chloramphenicol (Acros Organics), urea (MP 
Biochemicals), bromophenol blue (BPB; Fisher Scientific), xylene cyanol (XC; United States 
Biochemical Corporation), SYPRO® Orange Protein Gel Stain (Invitrogen), bulk yeast tRNA 
(Fisher Scientific), and the SequaGel UreaGel system (National Diagnostics). 
Protein-nucleic acid interactions 
Equation 6 was adapted from Equation 18 of deHaseth, et al. 1977 and describes the effects 
of solution ions on the binding affinity between proteins and nucleic acids (deHaseth et al. 1977). 
Variables potentially affecting the measured affinity include pH (KH[H
+]), anion concentration 
(KX[X
-]), monovalent cation concentration ([M+]), and divalent cation concentration ([S]/[S0]). 
Parameters include a “standard affinity” under 1 M M+ (K0), the number of proton donating groups 
on the protein directly interacting with substrate phosphates (r), the number of specifically-
occupied anion binding sites on the protein (a), the number of phosphates on the substrate directly 
interacting with the protein (Z), the fraction of phosphates in the nucleic acid that 
thermodynamically associate with a monovalent ion (𝜑), and the competition of M+ with M2+ for 
occupancy on backbone phosphates given by the total concentration of nucleotides [S] and the 
concentration of nucleotides that are bound as they would with no M2+ in solution [S0]. The term 
[S]/[S0] is described by Equation 7. 
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−𝑙𝑜𝑔 𝐾D = 𝑙𝑜𝑔 𝐾0 – 𝑟 • 𝑙𝑜𝑔 (
1+𝐾𝐻[𝐻
+]
𝐾𝐻[𝐻+]
) – 𝑎 • 𝑙𝑜𝑔(1 + 𝐾𝑋[𝑋
−]) – 𝑍𝜑 • 𝑙𝑜𝑔[𝑀+] – 𝑍 • 𝑙𝑜𝑔 (
[𝑆]
⌈𝑆0⌉
) 
 (6) 
 
[𝑆]
[𝑆0]
=
1
2
(1 + √1 + 4𝐾𝐴
𝑀[𝑀2+]) (7) 
Thermofluor assays 
Melting curves for each variant at 5 μM enzyme were measured in 30 mM MOPS, pH 7.8, 
150 mM NaCl, and 1 mM TCEP, with 20X SYPRO® Orange. Fluorescence intensity (I) was 
monitored using λEx = 485 nm and λEm = 625 nm. The melting temperature (Tm) was determined 
by fitting equation 8 was fit to the data to the maximum intensity, as previously described (Ericsson 
et al. 2006), for which A is the initial intensity, B is the maximum intensity, T is the temperature 
in Celsius, and C is a slope factor. 
 𝐼 = (𝐴 +
(𝐵−𝐴)
(1+𝑒(𝑇𝑚−𝑇)/𝐶)
) (8) 
Circular dichroism assays.  
Far UV-CD spectra are presented as the average of 5 accumulations for 10 μM enzyme 
measured at 25°C in 10 mM phosphate buffer, pH 7.2. The CD measurements were carried out on 
a Jasco J-815 spectropolarimeter equipped with a circulating water bath and peltier temperature 
controller. Spectra were converted to mean molar residue ellipticity (θ) using equation 9 as 
previously described (Jayasimha et al. 2012), for which Mr is the mean molar mass per residue, l 
is the path-length, and c is the protein concentration. Overall, the characteristic features of the far 
UV-CD of WT AtPRORP2 were retained in Y74S, suggesting that there are no major 
conformational changes when compared to WT. 
 [𝜃] =
𝜃•𝑀𝑟
10•𝑙•𝑐
 (9) 
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2.4 Results 
AtPRORP-substrate recognition mode 
To begin characterizing how AtPRORPs recognize their cognate substrates, we set out to 
determine the general mode of substrate binding. We first measured the dependence of the protein-
nucleic acid interaction on the concentration and identity of ions in solution. These data parse the 
dependence of affinity on ionic interactions with backbone phosphodiester bonds, compared to 
that of non-ionic interactions. Monovalent and divalent cations directly interact with backbone 
phosphodiester bonds on nucleic acids. These ions must be released for a protein to directly contact 
those sites, thus affinity depends on the cation concentration (Record et al. 1978; Barkley et al. 
1981). Cations associate with nucleic acids through an ionic atmosphere also containing anions, 
which inhibits protein-nucleic acid interactions through a related screening mechanism (Record et 
al. 1978). 
We measured the dependence of the substrate binding affinity of AtPRORP1 and 
AtPRORP2 on ions in solution to estimate the number of backbone phosphodiester bond contacts. 
We determined dissociation constants (KD) for AtPRORP1 and 2 by fluorescence anisotropy (FA) 
assays using three substrates: a B. subtilis pre-tRNAAsp (AtPRORP1 and 2), an A. thaliana 
mitochondrial pre-tRNACys (AtPRORP1), each with 5-nt leaders, and an A. thaliana nuclear pre-
tRNAGly (AtPRORP2) with a 6-nt leader; all substrates have a fluorescein label at the 5' end (Figure 
2-2A). The pre-tRNAAsp substrate has been used extensively with the bacterial ribozyme, allowing 
us to make direct comparisons to PRORPs, while the pre-tRNACys is a cognate substrate for 
AtPRORP1 and the pre-tRNAGly is a cognate substrate for AtPRORP2. We obtained 
thermodynamic affinities (KD) by fitting a hyperbola (Equation 1, Materials and Methods) to the 
data (Figure 2-2B). 
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The Na+-dependence of KD shows a linear dependence in a log-log plot (Figure 2-2C), as 
described by Equation 6, which was adapted from Equation 18 of deHaseth, et al. (deHaseth et al. 
1977). Divalent cations are required to fold the pre-tRNA, so CaCl2, which does not activate 
AtPRORP1 or AtPRORP2 (Howard et al. 2012; Karasik et al. 2016), was supplied at a constant 
value for each measurement. The primary effect of Ca2+ in our assays is to increase the anisotropy 
of free pre-tRNA (see the next section), while the affinity we measure at different CaCl2 
concentrations varied ≤ 65% at a given NaCl concentration. Thus, we selected CaCl2 
concentrations that allowed us to best measure the affinity under high concentrations of NaCl (20 
or 6 mM CaCl2 for AtPRORP1 or AtPRORP2, respectively). We observe minimal competition 
between Ca2+ and Na+ for the RNA substrate under the concentrations used for the binding assays 
for AtPRORP1, as evidenced by the relatively linear Na+-dependence in the log-log plot (Figure 
2-2C). We maintained constant pH during the experiments and anion effects are precluded based 
on the CaCl2-alone and Na2SO4 data described below. In the absence of these effects, Equation 6 
can be reduced to Equation 4 (Materials and Methods), which was fit to the data. 
The slope of a –log(KD) versus –log[Na+] plot is given by Z𝜑 (Equation 4), represented as 
Z𝜙 for divalent cations, where 𝜑Na is the fraction of Na+ associated thermodynamically with each 
backbone phosphodiester bond and Z is the number of cations (M+) that are released from the 
nucleic acid upon binding to the protein, which approximates the number of protein-
phosphodiester bond contacts. Previous data suggest that the value of 𝜑Na for dsRNA and 
structured RNAs, such as pre-tRNA, are comparable to the 𝜑Na for dsDNA (Latt and Sober 1967; 
Day-Storms et al. 2004). Thus, we used the value for dsDNA, 𝜑Na = 0.88, in fitting Equation 4 to 
the data (Table 2-1). The Z values for AtPRORP1 suggest the formation of four protein-
phosphodiester bond contacts upon binding pre-tRNA. The values for AtPRORP2 are higher, 
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possibly suggesting contacts with five phosphodiester groups. Furthermore, these Z values are 
fairly robust, even if we vary the approximated 𝜑Na for folded pre-tRNA. Specifically, the Z value 
for AtPRORP2 binding to pre-tRNAGly increases to 6 if 𝜑Na < 0.85. However, Z will remain ≤ 5 
for the other PRORP/pre-tRNA pairs until 𝜑Na < 0.75 and they are ≤ 6 until 𝜑Na < 0.6, which is 
likely to be well below the actual value. 
 
Table 2-1 Na+-dependence of binding affinity. 
Enzyme 
Pre-tRNA 
Substrate 
Leader KD (nM)a Zb –log(K0)b 
ΔG0 
(kcal/mol)c 
AtPRORP1 
Asp 
5-nt 155 ± 20 4.3 ± 0.3 5.0 ± 0.1 –6.9 ± 0.1 
1-nt 600 ± 50 3.7 ± 0.2 4.66 ± 0.06 –6.4 ± 0.1 
0-nt 25400 ± 6100 2.8 ± 0.5 3.5 ± 0.2 –4.8 ± 0.3 
Cys 5-nt 1330 ± 120 3.7 ± 0.5 4.4 ± 0.2 –6.0 ± 0.3 
AtPRORP2 
Asp 
5-nt 80 ± 9 4.4 ± 0.6 5.0 ± 0.3 –6.9 ± 0.4 
0-nt 17200 ± 1100 3.2 ± 0.3 3.5 ± 0.2 –4.8 ± 0.3 
Gly 6-nt 470 ± 50 5.0 ± 0.5 4.3 ± 0.2 –5.9 ± 0.3 
a: Value and error reported are from fitting a hyperbola to the results of two independent 
experiments in 330 mM NaCl plotted together. 
b: Value and error from fitting Equation 4 to the data from Figures 2-2C and 2-4 using 𝜑Na= 
0.88, as described in the Materials and Methods. 
c: Calculated using ∆𝐺0 = −𝑅𝑇 × ln 𝐾0. 
 
The estimated substrate affinity at 1 M NaCl has been used to estimate the contribution of 
non-ionic interactions to affinity in model systems, using normal Gibbs free energy definitions 
(Equation 5) (Record et al. 1976). For AtPRORP1 at 27°C, the log(KD) at 1 M NaCl indicates 
values of –6.9 ± 0.1 and –6.0 ± 0.3 kcal/mol for pre-tRNAAsp and pre-tRNACys, respectively (Figure 
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2-2C). For AtPRORP2, the values are –6.9 ± 0.2 and –5.9 ± 0.4 kcal/mol for pre-tRNAAsp and pre-
tRNAGly, respectively (Figure 2-2C). The reduced affinity for pre-tRNACys or pre-tRNAGly 
compared to pre-tRNAAsp represents only a minor loss of non-ionic interactions. 
AtPRORP1 does not have specific anion binding sites that compete with substrate binding 
Specific anion binding sites on proteins can decrease the binding affinity of nucleic acids, 
in an ion-dependent manner similar to the effect of cations binding to nucleic acids. We screened 
the AtPRORP1 affinity for pre-tRNAAsp in several Na+ salts at a single Na+ concentration, but the 
data largely follow the lyotropic series (Table 2-2). This trend suggests that the primary effect of 
the anions is increasing or decreasing protein stability, as opposed to directly binding to the pre-
tRNA binding sites on AtPRORP1 to inhibit pre-tRNA binding. Anion sites on proteins have also 
been probed by comparing the dependence of binding affinity on the concentrations of monovalent 
(M+) and divalent (M2+) cations for a given anion (deHaseth et al. 1977; Barkley et al. 1981). For 
a protein binding to dsDNA in the absence of specific anion binding sites, the theoretical 𝜙Mg/𝜑Na 
is 0.53, which corresponds to the difference in the cations’ occupancy on the phosphodiester bonds 
in the backbone (deHaseth et al. 1977). To test whether anion binding to AtPRORP1 contributes 
to the salt dependence of binding affinity, we measured dissociation constants in the presence of 
varying concentrations of CaCl2 (alone) or Na2SO4. 
 
 
 
 
 
 
 18 
Table 2-2 Effects of anion identity on affinity for pre-tRNAAsp.  
Na+ Salta KD (nM)
b Lyotropic series 
Ac- 32 ± 7 
More kosmotropic 
 
 
 
More chaotropic 
SO42- 70 ± 10 
Cl- 155 ± 20 
Br- 450 ± 160 
NO3- 490 ± 60 
I- 2900 ± 500 
a: Supplied as the sodium salt at 330 mM Na+. 
b: Value and error reported are from fitting a hyperbola to the results of two independent experiments 
plotted together. 
 
The pre-tRNAAsp anisotropy in the absence of PRORP and Na+ displays a hyperbolic 
dependence on CaCl2 (KD,app = 11 ± 3 mM, Figure 2-3A). This behavior is likely due to 
stabilization of the tRNA structure upon addition of divalent cations (Leroy et al. 1977), as the 5'-
fluorescein likely has less rotational freedom when the tRNA structure is compact (Liu et al. 2014). 
The anisotropy of free pre-tRNA increased less than 20% above 50 mM Ca2+, so we varied the 
CaCl2 concentration from 50 to 125 mM and observed a decrease in AtPRORP1 affinity (Figure 
2-3B). Fitting Equation 4 to the data with Z = 4, we obtained 𝜙Ca = 0.51 ± 0.04. This value is in 
relatively good agreement with 𝜙Mg = 0.47 for dsDNA (deHaseth et al. 1977). For the PRORP/pre-
tRNA complex, the ratio of the slopes for the dependence of log KD on log concentration 
(Ca2+/Na+) is 0.54, similar to the Mg2+/Na+ ratio of 0.53 for protein/DNA (deHaseth et al. 1977). 
Thus, the salt-dependence of PRORP binding affinity can be explained using only the occupancies 
of the cations on backbone phosphodiester bonds and excluding anions. The slope of –log(KD) as 
a function of log[Na2SO4] is smaller than the slope of the NaCl data, resulting in tighter binding at 
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higher Na+ concentrations in Na2SO4 (Figure 2-3B). However, when –log(KD) is plotted against 
ionic strength (–log[I]), the NaCl and Na2SO4 data nearly overlay, while the CaCl2 data remains 
distinct (Figure 2-3C). Thus, the modest differences in affinity observed in NaCl compared to 
Na2SO4 are most likely due mainly to non-specific screening by the ionic atmosphere, to which 
Na2SO4 contributes less due to lower concentration of SO4
2+ at a given concentration of Na+. Given 
these data, we exclude the term for anion binding sites from our fits. The 1 M NaCl, 1 M Na2SO4, 
and 1 M CaCl2 ionic strength intercepts are within error (Figure 2-3C), confirming that the non-
ionic contributions to binding are ion-independent. 
 
Figure 2-3 Cation (Mn+) dependence of dissociation constants for AtPRORP1 binding to B. 
subtilis fluorescein-labeled pre-tRNAAsp.  
(A) Anisotropy of Bacillus subtilis pre-tRNAAsp in the absence of PRORP is dependent on CaCl2 
concentration. Data reported as the mean and standard deviation of four independent experiments. 
A hyperbola (Equation 1, Materials and Methods) was fit to the data (KD,app = 11 ± 3 mM). (B) 
Equation 4 (Materials and Methods) was fit to the data with the dsDNA 𝜑Na = 0.88 or 𝜙Mg = 0.47. 
Data include the dependence of AtPRORP1 affinity on: NaCl (⧫, Z = 4.3 ± 0.3, log(K0) = 5.0 ± 
0.1), Na2SO4 (, Z = 3.6 ± 0.1, log(K0) = 5.62 ± 0.03), and CaCl2 (◼, Z = 4.3 ± 0.3, log(K0) = 5.1 
± 0.2). The slope of the line (Z𝜑 or Z𝜙) reports on the apparent number of ionic interactions made 
to substrate phosphodiester bonds, while the intercept [log(K0)] reports on the non-ionic 
contributions to affinity. (C) Ionic strength (I) dependence of AtPRORP1 binding to pre-tRNAAsp, 
plotted as the –log(KD) versus –log[I]. Equation 4 (Materials and Methods) was fit to the data with 
𝜑Na = 0.88 or 𝜙Ca = 0.47. Data include AtPRORP1 binding in NaCl (⧫; log(K0) = 6.11 ± 0.04), 
Na2SO4 (; log(K0) = 6.18 ± 0.02), and CaCl2 (◼; log(K0) = 6.08 ± 0.09). 
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AtPRORP1 makes fewer contacts to substrate leader than the bacterial ribozyme 
Varying the leader length of pre-tRNA substrates beyond 1-nt (Howard et al. 2016) or 2-
nt (Brillante et al. 2016) was previously shown to have little effect on the single-turnover activity 
and binding affinity with AtPRORPs. From these data, it is apparent that AtPRORPs can process 
a substrate with short 1- and 2-nt leaders, and that AtPRORP1 discriminates against binding the 
tRNA product (> 30-fold lower affinity for tRNA than pre-tRNA). In contrast, the B. subtilis RNA-
based RNase P relies on extensive contacts with the leader and trailer sequences for substrate 
recognition and displays a significant dependence on leader length beyond 2 nt (Crary et al. 1998; 
Rueda et al. 2005). 
We determined the Na+-dependence of affinity for the fluorescein-labeled 1-nt pre-
tRNAAsp and tRNAAsp product to evaluate the nature of the AtPRORP1 interactions with the leader 
(Table 2-1, Figure 2-4). For the 1-nt substrate, the main effect is a value for K0 that is increased 2-
fold compared to the 5-nt substrate, suggesting a 0.5 kcal/mol reduction in non-ionic interactions 
with the shorter leader. The value of Z is also reduced modestly, although not enough to indicate 
the full loss of a phosphodiester contact. In contrast, the Z value for tRNAAsp is reduced to 2.8 ± 
0.5, consistent with the loss of one full phosphodiester bond contact. PRORPs making contact to 
a phosphodiester bond in the 5' leader would be a feature of recognition in common with bacterial 
RNase P, which contacts the N-3/N-2 phosphodiester bond (Hansen et al. 2001). The value of K0 
also increases significantly compared with pre-tRNAAsp containing either a 5 nt or 1 nt leader, 
equivalent to a loss of 2.1 and 1.6 kcal/mol, respectively, indicative of non-ionic interactions with 
the leader. These data demonstrate that non-ionic interactions with the tRNA body are important 
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determinants of binding affinity, contributing 4.8 kcal/mol, or ~ 70% of the non-ionic binding 
energy (Table 2-1). 
 
Figure 2-4 Sodium dependence of AtPRORP1 affinity for substrates with varied leader 
lengths.  
Data include AtPRORP1 binding to 5' fluorescein-labeled substrates, including: 5-nt pre-tRNAAsp 
(⧫, Z = 4.3 ± 0.3, log(K0) = 5.0 ± 0.1), 1-nt pre-tRNAAsp (, Z = 3.7 ± 0.2, log(K0) = 4.7 ± 0.1), 
and tRNAAsp (, Z = 2.8 ± 0.5, log(K0) = 3.5 ± 0.2). Equation 4 (Materials and Methods) was fit 
to the data. The slope of the line (Z) reports on the apparent number of ionic interactions made to 
substrate phosphodiester bonds, while the intercept [log(K0)] reports on the non-ionic 
contributions to affinity. 
The PRORP PPR domain recognizes tRNAs using non-canonical positions 
Previous work demonstrated that mutations of N136T, T180N, and G215N, each at 
position 6 of an AtPRORP1 PPR motif, resulted in minor pre-tRNA processing defects (Imai et al. 
2014). Likewise, T113S and T113N mutations in AtPRORP2, equivalent to T180 in AtPRORP1, 
resulted in little or no processing defects (Brillante et al. 2016). To further characterize substrate 
recognition by the PRORP PPR domain we measured the pre-tRNA binding affinity and salt-
dependence for variants of seven residues in AtPRORP1. The targeted side chains are: (1) highly- 
or fully-conserved among plant PRORPs, as judged from alignment of PRORPs from 16 species; 
(2) located on the PPR surface facing the NYN domain; and (3) have the potential to make 
hydrogen-bonding, ionic, or base-stacking interactions (Figure 2-5). In addition to the residues at 
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the 1, 3, and 6 positions that have been shown to be involved in base selection in other PPR 
domains (Barkan et al. 2012; Yagi et al. 2013), we also targeted residues at position 10, which 
was not identified in the canonical base-selection motifs (Kobayashi et al. 2012). While residues 
at position 3 in ssRNA binding PPR proteins are typically hydrophobic (i.e. Leu, Phe), in PRORPs 
the residues at this position are mostly small or hydrophilic. Figure 2-5A shows the position of the 
residues that we targeted: Y133 (position 3; PPR2), N136 (position 6; PPR2), Y140 (position 10; 
PPR2), N175 (position 1; PPR3), T180 (position 6; PPR3), R184 (position 10; PPR3), and R212 
(position 3; PPR4). We examined the effects of alanine mutations at each position, as well as more 
conservative mutations including Y133F, T180S, and R184K. 
Figure 2-5 Residues selected for mutation in the PPRs of AtPRORPs, generated in PyMOL  
(A) AtPRORP1 (PDB 4g24) PPRs are numbered left (PPR1) to right (helix 11). Residues that 
were targeted for mutation are numbered. Carbon atoms are color-coded by the largest effect on 
binding as indicated by the color ramp. (B) AtPRORP2 (PDB 5diz) PPRs are numbered left (PPR1) 
to right (helix 11). Residues that were targeted for mutation are numbered. Carbon atoms are 
color-coded as in A. Alanine mutants were not soluble for Q70, R117, and R147, so no data were 
collected for these variants. Structure was generated by Schrödinger et al. 2010.  
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We measured the binding affinities of the AtPRORP1 mutants for the B. subtilis 5-nt pre-
tRNAAsp substrate using the FA assay at 330 mM NaCl; these data are summarized in Table 2-3. 
We observed the largest reductions in binding affinity for the Y140A and R184A variants with 
decreases of > 190- and 67-fold, respectively. Representative binding data for these variants at 330 
mM NaCl can be found in Figures 2-6A and 2-6B. T180 was the only residue in a canonical PPR 
base-selection position that we tested with a strong effect on binding; T180A reduces the binding 
affinity by approximately 20-fold compared to WT AtPRORP1. The other canonical base-selecting 
residues that we mutated led to modest decreases in binding affinity: N136A had a 6.3-fold effect 
and N175A had a 9-fold effect. The final residue examined, R212A, eliminated binding as 
measured with the anisotropy assay (KD > 30 μM) (Figure 2-7B). Additionally, the enzymatic 
activity in an STO assay remained lower than the wild-type value even with > 35 μM enzyme and 
high Mg2+ concentrations and several significant miscleavage bands were observed (Figure 2-7A). 
We parsed the determinants of substrate binding by AtPRORP1 in more detail by analyzing 
the salt dependence of the mutants. In general, the mutations had little effect on the Z value for the 
Na+-dependence of binding affinity, but they affected the intercept value, K0 (Table 2-3). These 
results indicate that the mutated side chains do not form ionic interactions with the phosphodiester 
backbone of pre-tRNA, rather mediating non-ionic interactions with the substrate. The largest 
measurable reduction in affinity (> 190-fold) was observed for the Y140A variant, corresponding 
to a loss of 2.8 kcal/mol of non-ionic binding energy. However, the Y140F mutation only increased 
K0 by 6.5-fold, corresponding to a loss of approximately 1 kcal/mol in non-ionic interactions 
compared to WT AtPRORP1. These results are consistent with PRORP interacting with pre-tRNA 
with both the tyrosine hydroxyl and the phenyl ring (Guckian et al. 2000). For the R184A mutant, 
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the 67-fold reduced affinity corresponds to a reduction of 2.5 kcal/mol compared to WT, while the 
R184K mutation increased the K0 by 10-fold, corresponding to a loss of 1.4 kcal/mol of binding 
energy compared to WT. 
 
 
Figure 2-6 Stability of Y140A and R184A AtPRORP1 or Y74S AtPRORP2.  
(A) Binding curves for Y140A AtPRORP1 collected at 330 mM NaCl, as described in the 
Materials and Methods. (B) Binding curves for R184A AtPRORP1 collected at 330 mM NaCl, as 
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described in the Materials and Methods. (C) Thermofluor melting curves for WT, Y140A, and 
R184A AtPRORP1, collected and analyzed as described in the Materials and Methods. The Tm 
values are 48.3 ± 0.1 (WT), 47.7 ± 0.2 (Y140A), and 47.4 ± 0.2 (R184A). (D) Circular dichroism 
data for WT and Y74S AtPRORP2, collected and analyzed as described in the materials and 
methods. (E) Single turnover kinetic analysis of R184A AtPRORP1 with B. subtilis pre-tRNAAsp, 
collected at 25°C in 30 mM MOPS, pH 7.8, 150 mM NaCl, 20 mM MgCl2, and 1 mM TCEP. 
Fitting a hyperbola to the data, we obtain kmax
E = 0.12 ± 0.01 s-1 and K1/2
E = 21 ± 7 μM. The WT 
enzyme value under these conditions is ~ 0.1 s-1 (Howard et al. 2015). (F) A representative gel 
from the experiments described in panel E, at 40 μM enzyme. Time points (left to right) are 0, 6 
sec, 16 sec, 26 sec, 40 sec, 1 min, 2.5 min, 5 min, 10 min, and 30 min. 
Figure 2-7 Defects in R212A AtPRORP1 catalysis and substrate binding with B. subtilis pre-
tRNAAsp.  
(A) Single turnover assay with 37 M R212A and 30 nM substrate. Time points (left to right) are 
0, 1 min, 5 min, 10 min, 30 min, 1 hr, 2 hr, 4 hr 20 min, and 20 hr 40 min. 5 M WT enzyme at 30 
minutes (at right) was included for comparison. (B) Anisotropy pre-tRNAAsp binding to R212A 
(◘) or WT (◼) AtPRORP1. A hyperbola (Equation 1, Materials and Methods) was fit to the data 
(KD,app > 300000 nM; lower limit estimated assuming the change in anisotropy for fully-bound 
substrate is the same as WT). (C) Arg 212 in AtPRORP1 takes part in an extended series of 
interactions involving both main chain and side chain atoms, beginning with Thr 180 (PPR 3 helix 
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A) and terminating with Ser 240 (PPR 4 helix B). Generated in PyMOL (PDB 4g24) (Schrödinger 
2010). 
 
Table 2-3 Na+-dependence of AtPRORP1 variants affinity for B. subtilis pre-tRNAAsp. 
AtPRORP2 
residuea 
AtPRORP1 
Variant 
KD (nM)
b Fold-WT Z
c –log(K0)c 
ΔG0 
(kcal/mol)d 
– WT 155 ± 20 1.0 4.3 ± 0.3 5.0 ± 0.1 –6.9 ± 0.1 
Q67 
Y133A 2600 ± 200 17 4.4 ± 0.3 3.8 ± 0.2 –5.2 ± 0.3 
Y133F 4600 ± 300 30 4.2 ± 0.2 3.7 ± 0.1 –5.1 ± 0.1 
Q70 N136A 980 ± 180 6.3 3.9 ± 0.2 4.3 ± 0.1 –6.0 ± 0.1 
Y74 
Y140A 29700 ± 7000 192 4.2 ± 0.4 3.0 ± 0.3 –4.1 ± 0.4 
Y140F 1000 ± 200 6.5 4.1 ± 0.6 4.3 ± 0.3 –5.9 ± 0.4 
N108 N175A 1400 ± 400 9.0 3.8 ± 0.2 4.4 ± 0.2 –5.9 ± 0.3 
T113 
T180A 3300 ± 1500 22 4.0 ± 0.2 3.8 ± 0.1 –5.2 ± 0.1 
T180S 1700 ± 300 11 4.6 ± 0.4 3.9 ± 0.2 –5.4 ± 0.3 
R117 
R184A 10400 ± 2400 67 4.5 ± 0.5 3.2 ± 0.3 –4.4 ± 0.3 
R184K 1900 ± 300 12 4.6 ± 0.5 4.0 ± 0.3 –5.5 ± 0.4 
R147 R212Ae > 30000 > 194 NDf ND ND 
a: Amino acid in AtPRORP2 that is in the homologous position to the side chain in AtPRORP1. 
b: Value and error reported are from fitting a hyperbola to the results of two independent 
experiments in 330 mM NaCl plotted together. 
c: Value and error from fitting Equation 4 to the log-log plot of the Na+-dependence data using 𝜑Na 
= 0.88 as described in the Materials and Methods. 
d: Calculated using ∆𝐺0 = −𝑅𝑇 × ln 𝐾0. 
e: Affinity for the R212A mutant was not measurable; little change in anisotropy was observed at 
25 µM AtPRORP1 (Figure 2-8B). 
f: Not determined (ND). 
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The Y133 variants revealed a relationship different from that of the Y140 variants. The 
Y133F and Y133A variants reduced pre-tRNA affinity by comparable values, 1.8 kcal/mol and 
1.6 kcal/mol, respectively. These data suggest that the hydroxyl group, but not the phenyl ring of 
Y133, contributes to substrate affinity. The N136A and N175A mutations reduce the value of the 
intercept corresponding to approximately the loss of 1 kcal/mol in non-ionic binding energy 
apiece. We estimated comparable free energy losses for T180A and T180S variants, 1.7 and 1.5 
kcal/mol, respectively, compared to that of WT. 
The AtPRORP2 PPR domain recognizes tRNAs using a similar binding surface 
To determine whether this binding surface is shared among Arabidopsis PRORPs and whether 
additional PRORP PPR side chains are important for substrate binding, we screened the pre-tRNA 
binding affinity of 22 alanine variants in AtPRORP2 (Figure 2-5B). Previously, we and others 
proposed that the 1st, 3rd, 6th and 10th residues (numbered as in Barkan, et al. 2012) in each PPR 
motif could periodically contribute to substrate binding in AtPRORPs (Figure 2-8) (Barkan et al. 
2012; Kobayashi et al. 2012; Yin et al. 2013; Karasik et al. 2016). Therefore, we systematically 
targeted residues in these positions for all five PPR motifs and the PPR C-terminal helix (11) for 
alanine mutagenesis. This analysis necessarily excludes three alanine residues (A110, A150, and 
A182). 
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Figure 2-8 Alignment of PRORP PPR domains (Clustal Omega) (Goujon et al. 2010; Sievers 
et al. 2011).  
The three Arabidopsis thaliana PRORPs (AtPRORP1-3) were aligned to the human PRORP 
(HsPRORP) and PRORPs from the moss Physcomitrella patens (PpPPR63, PpPPR67, and 
PpPPR104). For clarity, AtPRORP3, PpPPR67, and PpPPR104 are excluded from the figure. The 
boundaries of additional PPR helices in P. patens PRORPs were assigned using models generated 
with AtPRORP1 (PDB 4g23) and chloroplast PPR protein 10 (PDB 4m59) as templates in the 
SWISS-MODEL ExPASy server (Arnold et al. 2006; Guex et al. 2009; Kiefer et al. 2009; Biasini 
et al. 2014). PPR A helices, which were targeted for mutation, are colored dark green, while PPR 
B helices are colored pale green. Additional putative PPR A helices in PpPPR67 are colored 
orange, while putative PPR B helices are colored beige. PPR helix 11 (numbered as in AtPRORPs) 
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is colored cyan, while a plant-specific helical insert is purple and the first -strand of the central 
domain is red. AtPRORP1 and AtPRORP2 residues mutated in this manuscript are highlighted in 
yellow. AtPRORP2 residues for which alanine mutants were insoluble are highlighted in red. 
 
We examined the binding affinity of the alanine mutants with A. thaliana nuclear 6-nt pre-
tRNAGly and B. subtilis 5-nt pre-tRNAAsp substrates. The residues that we identified with alanine 
scanning mutagenesis of AtPRORP2 are consistent with the binding surface identified in 
AtPRORP1. The Q67A (position 3; PPR2), N108A (position 1; PPR3), T113A (position 6; PPR3), 
and R145A (position 1; PPR4) mutants increased the KD values for pre-tRNA by at least 1.5-fold 
in the highest fold-increase that we observed compared to wild type AtPRORP2 (Table 2-4). 
Importantly, these residues (excluding R145) correspond to three of the seven positions we 
identified in the AtPRORP1 PPR domain. This analysis also identified additional residues that alter 
pre-tRNA binding affinity beyond those evaluated in AtPRORP1, all of which fall primarily within 
the nearby PPR surface. The KD values for pre-tRNA of the N38A (position 10; PPR1), S65A 
(position 1; PPR2), T31A (position 3; PPR1), and K220A (position 6; 11) mutants increased by 
at least 2-fold in the highest fold-increase that we observed compared to wild type AtPRORP2. 
Four AtPRORP2 alanine mutants – Q70A (position 6; PPR2), Y74A (position 10; PPR2), R117A 
(position 10; PPR3), R147A (position 3; PPR4) – did not express as soluble proteins, suggesting 
that mutation of these residues may affect the stability of AtPRORP2. These residues are all located 
on the proposed substrate-binding surface, and include four of the seven residues that alter 
substrate affinity in AtPRORP1. 
Given the importance of Y140 in AtPRORP1 for pre-tRNA affinity, we further investigated 
the type of interaction between this amino acid and pre-tRNA by analyzing the Y74S and Y74F 
mutants in AtPRORP2. We found that these mutations significantly decreased substrate affinity 
(Table 2-4), as observed for AtPRORP1. These results further demonstrate that Y140 interacts with 
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substrate using both the phenyl ring and the hydroxyl group. Taken together, the above results 
indicate that surface we identified in AtPRORP1, primarily in PPR2 and PPR3, generalizes as the 
major surface involved in PRORP substrate binding. 
Table 2-4 Effects of mutation to AtPRORP2 PPRs on affinity for pre-tRNA.  
AtPRORP1 
Residue 
AtPRORP2 
Residue 
Position 
(PPR/Residue) 
pre-tRNAGly 
 pre-
tRNAAsp Fold-WT 
KD (nM)a,b KD (nM)a,c  KD (nM)a,b 
– WT – 58 ± 8 260 ± 30  24 ± 5 1.0 
A98 T31A 1 / 3 60 ± 8 530 ± 50   2.0 
K101 L34A 1 / 6 28 ± 6 170 ± 10   0.7 
D105 N38A 1 / 10 160 ± 40 1410 ± 150  70 ± 20 5.4 
S131 S65A 2 / 1 100 ± 20 590 ± 80  35 ± 8 2.3 
Y133 Q67A 2 / 3 70 ± 10 390 ± 70  30 ± 5 1.5 
Y140 
Y74S 
2 / 10 
1340 ± 170   110 ± 30 23 
Y74F 170 ± 20   45 ± 9 2.9 
N175 N108A 3 / 1 190 ± 30 720 ± 50  70 ± 20 3.3 
T180 T113A 3 / 6 70 ± 20 900 ± 130  30 ± 3 3.5 
R210 R145Ad 4 / 1 > 2000    > 34 
F119 L154A 4 / 10 60 ± 10 230 ± 20   1.0 
E245 E180A 5 / 1 35 ± 4 150 ± 20   0.6 
A250 S185A 5 / 6 40 ± 6 350 ± 40   1.3 
K254 K189A 5 / 10 52 ± 9 350 ± 30   1.3 
S280 S215A α11 / 1 66 ± 21 360 ± 60   1.4 
S282 E217A α11 / 3 56 ± 14 260 ± 20   1.0 
D285 K220A α11 / 6 129 ± 64 250 ± 40   2.2 
E289 E224A α11 / 10 55 ± 7 310 ± 35   1.2 
a: Value and error reported are from fitting a hyperbola to the results of three independent 
experiments plotted together. 
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b: Measured in 30 mM MOPS pH 7.8, 1 mM DTT, 150 mM NaCl, and 6 mM CaCl2. 
c: Measured in 30 mM MOPS pH 7.8, 1 mM DTT, 330 mM NaCl, and 6 mM CaCl2. 
d: Low protein yield for R145A limited us to two binding assays, neither of which reached 
saturation up to 7500 nM. A lower limit for the KD was estimated from the available data. 
 
PRORP PPR domain appears not to recognize tRNAs with base-specificity 
To investigate whether AtPRORPs recognize pre-tRNA in a base-specific manner, we 
mutated residues that the previously established PPR recognition codes suggest should recognize 
pyrimidines (Barkan et al. 2012; Yagi et al. 2013). AtPRORP1 contains amino acids located 
between PPR motifs 2 and 3 (Y133/N136/N175) that should recognize pyrimidines (Barkan et al. 
2012; Yagi et al. 2013). For this analysis, we examined pyrimidines in pre-tRNA that would likely 
interact with PRORPs. The D- and TC-loops (tRNA elbow) in pre-tRNA have been proposed to 
interact with the PPR domain (Gobert et al. 2013). We assumed that the pyrimidines should not 
be in secondary/tertiary contacts or otherwise buried and inaccessible in the unbound tRNA 
structure, limiting the proposed interaction to uridines at positions 16, 17, 20, and 21 in pre-
tRNAAsp (Figure 2-2A). Mutation to adenosine at each of these positions altered the affinity by at 
most 2-fold (Table 2-5), demonstrating a lack of sequence-specific interaction at these sites. In 
combination with the previous data regarding the effects of tRNA mutations on PRORP 
binding/catalysis (Imai et al. 2014; Brillante et al. 2016), these data reinforce the hypothesis that 
PRORPs utilize a mode of substrate recognition different from the previously described PPR base-
selection determined in ssRNA binding proteins. However, the possibility remains that there are 
other sites in pre-tRNA that interact with PRORP PPRs in a sequence-specific manner. 
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Table 2-5 Effects of B. subtilis pre-tRNAAsp mutants on affinity for AtPRORP1. 
Variant KD (nM)a Fold-WT 
WT 155 ± 20 1 
U16A 140 ± 20 0.90 
U17A 100 ± 10 0.65 
U20A 200 ± 10 1.29 
U21A 300 ± 30 1.94 
a: Value and error reported are from fitting a hyperbola to the results of two independent 
experiments in 330 mM NaCl plotted together. 
 
Na+ screening inhibits AtPRORP1 single-turnover activity 
While it is possible that the ionic strength affects only the binding affinity, it might also 
affect other aspects of PRORP catalysis. To determine whether the NaCl concentration affects 
cleavage catalyzed by PRORP, we performed single-turnover (STO) activity assays with 5 μM 
AtPRORP1, which is saturating under low NaCl conditions, and limiting (30 nM) B. subtilis pre-
tRNAAsp. We used concentrations of MgCl2 that we previously determined to be either saturating 
(20 mM) or sub-saturating (1.25 mM) for catalysis (Howard et al. 2015). The observed rate 
constant (kobs) is independent of the NaCl concentration between 25 mM and 200 mM, but is 
reduced at higher NaCl concentrations (Figure 2-9). The concentration dependence of NaCl 
inhibition above 400 mM is similar for saturating and sub-saturating MgCl2. Fitting a general 
inhibition model (Equation 3, weighted fit, Materials and Methods) with a variable Hill Coefficient 
(nNa) to the data yields similar IC50 (310 ± 70 mM for 20 mM MgCl2 and 360 ± 70 mM for 1.25 
mM MgCl2) and n
Na values (4.5 ± 1.3 for 20 mM MgCl2 and 5.0 ± 1.3 for 1.25 mM MgCl2) for 
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both MgCl2 conditions (Figure 2-9). The Hill coefficients for STO inhibition (4.5–5) are in good 
agreement with the cooperativity we observe for inhibition of pre-tRNA binding. 
 
Figure 2-9 Na+-dependence of AtPRORP1 cleavage activity.  
The dependence of the AtPRORP1-catalyzed cleavage of fluorescein-labeled pre-tRNAAsp on the 
[NaCl] was measured under single turnover conditions (kobs). Data include AtPRORP1-catalyzed 
cleavage in 20 mM () or 1.25 mM () MgCl2. Equation 3 (Materials and Methods, weighted 
fit) was fit to the data. For 20 mM MgCl2, IC50 = 310 ± 70, nNa = 4.5 ± 1.3. For 1.25 mM MgCl2, 
IC50 = 360 ± 70, nNa = 5.0 ± 1.3. 
 
If the observed inhibition is due to decreased affinity of AtPRORP1, the activity should 
begin to decrease at NaCl ~ 530 mM (the point at which [E] becomes < 5 times the KD, as measured 
in Ca2+), assuming that the binding affinity is equivalent in Ca2+ and Mg2+. However, the activity 
is inhibited at lower NaCl concentrations (~ 300 mM). To test whether this observation is only due 
to an effect of NaCl on binding affinity, as opposed to NaCl affecting other steps in catalysis, we 
measured the STO kobs at 20 mM MgCl2 and 350 mM NaCl with varying the enzyme concentration 
(data not shown). The STO kobs is strongly dependent on enzyme concentration under these 
conditions, indicating that 5 μM PRORP1 is sub-saturating, thus requiring that the STO K1/2 in 
MgCl2 is > 30-fold higher than the thermodynamic KD (155 ± 20 nM) in CaCl2. These data also 
indicate that PRORP-substrate affinity is reduced in MgCl2 as compared to CaCl2. This cation-
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dependent decrease in affinity is consistent with an EcoRV catalytic mutant that binds its cognate 
DNA ≈ 40-fold weaker in Mg2+ than in Ca2+ (Martin et al. 1999). In summary, the STO data are 
consistent with NaCl disrupting PRORP-substrate binding, but not other kinetic steps. 
2.5 Discussion  
The goal of this work was to characterize the molecular interactions between AtPRORPs and 
pre-tRNA using the ion-dependence of binding and catalysis and mutations in the PPR domain. 
The NaCl-dependence of pre-tRNA affinity of AtPRORPs revealed 4–5 interactions with 
phosphodiester bonds in pre-tRNA and approximately 6 to 7 kcal/mol of non-ionic binding energy. 
These narrow ranges support previous observations that pre-tRNA recognition by AtPRORPs is 
similar across paralogs and largely independent of sequence. Depending on the context, biological 
hydrogen bonds can supply 0.5–3 kcal/mol of free energy (Fersht et al. 1985), while van der Waals 
interactions such as base stacking can supply 0.5–2 kcal/mol (Guckian et al. 2000). AtPRORPs 
likely form a combination of hydrogen bonds and van der Waals interactions with pre-tRNA. 
Comparison of the Na-dependence and mutation of residues in the substrate binding domain 
in both AtPRORP1 and 2 indicate a similar binding surface with modest differences in substrate 
recognition, as previously evaluated (Karasik et al. 2016). In general, alanine mutations affected 
the substrate affinity of AtPRORP1 to a greater extent than AtPRORP2. This might be due to the 
lower CaCl2 conditions used for affinity measurements with AtPRORP2, which also reduced the 
WT AtPRORP1 binding affinity (data not shown). The variety of ion-dependent effects on PRORP 
binding affinity that we observe can be synthesized as follows. 
Cations such as Na+ and Ca2+ inhibit PRORP/pre-tRNA binding by interacting with and 
competing for phosphodiester bonds on pre-tRNA. We observe a log-linear decrease in 
PRORP/pre-tRNA binding affinity with respect to [Na+] above 180 mM NaCl (Figures 2-2C, 2-
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3B, 2-3C, and 2-4). The PPR mutations we generated (described in further detail below), do not 
affect the slope of the Na+-dependence of binding at high [Na+] (Table 2-3). However, we observe 
lesser effects from these mutations on binding affinity below 180 mM NaCl (Tables S1 and S3). 
While Ca2+ alone also inhibits PRORP/pre-tRNA binding (Figures 2-3B and 2-3C), we observe a 
positive effect on AtPRORP1/pre-tRNA binding with high [Na+]. Overall, these data are most 
informative with respect to the differences we observe between WT and variant PRORPs and pre-
tRNAs, which allow us to parse the interactions between various aspects of each. 
PRORP PPR domain 
Our extensive mutagenesis data in the PPR domain allow us to contrast PRORP-RNA binding 
with previously described PPR proteins. PPR-containing proteins are a large family with the 
structurally conserved ≈ 35 residue helix-turn-helix motif found in tandem repeats that have been 
implicated in RNA metabolism (Small and Peeterns 2000; Schmitz-Linneweber and Small 2008). 
PPR proteins are found broadly in eukaryotes, with land plants having the largest set of PPR 
proteins. For example, there are over 400 members in Arabidopsis and Oryza (O'Toole et al. 2008). 
Some PPR proteins bind target RNAs in a sequence-specific manner, with recognition of a 
nucleobase achieved primarily by residues 6 and 1’ (also numbered 4 and ii by Yagi, et al., or 5 
and 35 by Yin, et al.) on the A helices of two tandem PPR motifs (Figure 1B, Figure S1; A helices 
colored dark green) (Barkan et al. 2012; Yagi et al. 2013; Yin et al. 2013). In some cases, the 
binding sites have been identified in the UTRs of mRNAs, where the PPR proteins are proposed 
to regulate splicing, translation and/or stability of the mature transcript (Schmitz-Linneweber and 
Small 2008; Chen et al. 2016b). One goal of this work was to determine whether PRORP PPR 
domains use the same or similar mechanism to recognize pre-tRNAs. The results of our 
mutagenesis experiments indicate that PRORP PPRs use a mode of RNA recognition that is 
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different from ssRNA-binding proteins. The PPR domains of AtPRORP1 and AtPRORP2 do not 
rely on a limited number of residues from every repeat, but rather a more extensive surface 
primarily located in PPR2 and PPR3, which is consistent with previous data indicating impaired 
activity for ΔPPR2 and ΔPPR3 AtPRORP1 variants (Imai et al. 2014). 
We initially hypothesized that PRORP PPRs would not recognize RNA using base 
selection as observed with ssRNA-binding PPR proteins because the base-specifying residues in 
PRORPs are frequently noncanonical (e.g. 6 and 1’ are not often asparagine, aspartate, or 
threonine, Figure 2-8). Furthermore, conservation to other PPR domains yielded predictions of 
only two or three PPR motifs in PRORPs (Holzmann et al. 2008; Gobert et al. 2010), yet crystal 
structures revealed five tandem repeats in AtPRORP1 (Figure 2-1A) (Howard et al. 2012). By 
homology, the metazoan PRORP also contains at least five repeats, the last three of which have 
been visualized in a crystal structure of human PRORP with an N-terminal deletion (Reinhard et 
al. 2015). Several substrate binding residues that we identified, such as Y140 and R184, are 
conserved in metazoan PRORPs (Y183 and R218 in humans). Thus, even though the metazoan 
PRORPs require additional subunits for catalysis, pre-tRNA recognition by the human PRORP 
PPR domain could use the same interaction surface as plant PRORP PPRs. 
The alanine mutations most detrimental to B. subtilis pre-tRNAAsp affinity were Y140A in 
AtPRORP1 PPR2 (> 190-fold) and R184A in AtPRORP1 PPR3 (67-fold); the equivalent mutations 
in AtPRORP2 (Y74A and R117A) rendered the protein insoluble. Despite these insoluble variants, 
we find no evidence that the mutants we have analyzed are less stable than the WT enzyme. The 
melting temperatures (Tm) for Y140A and R184A AtPRORP1 are not significantly different from 
WT (Figure 2-6C), while the CD spectra for Y74S AtPRORP2 does not reveal a significantly 
different secondary structure from WT (Figure 2-6D). Furthermore, we were able to recover WT-
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like STO activity at high concentrations of R184A (Figure 2-6E), with no apparent miscleavage 
(Figure 2-6F). These data support our conclusions that the PPR mutations primarily reduces the 
affinity for pre-tRNA, without affecting substrate positioning or protein stability. 
Y140A and R184A AtPRORP1 mutations similarly bind the A. thaliana pre-tRNACys 
substrate weaker than WT in 20 mM CaCl2 and 330 mM NaCl conditions (> 93-fold and > 3.8-
fold, respectively). Unexpectedly, the effects of the AtPRORP1 mutations are greater than the 34-
fold decrease in binding affinity reported for a Δ245 AtPRORP1, which fully lacks the first 4 PPR 
motifs (Howard et al. 2012). However, this measurement was carried out at 1 mM CaCl2 and 100 
mM NaCl with the A. thaliana mitochondrial pre-tRNACys substrate. Under these conditions, the 
individual mutations have little effect on binding affinity (Table 2-6). This effect is likely 
explained by the increased dependence of the PRORP-substrate affinity on ionic interactions under 
lower ionic strength, such that individual non-ionic interactions contribute less significantly to the 
overall affinity. 
Table 2-6 Effects of mutations on AtPRORP1 affinity for pre-tRNA 
Variant 
pre-tRNACys  
 
pre-tRNAAsp 
KD (nM)
a Fold-WT KD (nM)
b Fold-WT KD (nM)
a Fold-WT 
WT 200 ± 40 1 1720 ± 160 1  155 ± 20 1 
Y140Ac 150 ± 20 0.75 >160000 >93  29700 ± 7000 192 
R184A 170 ± 40 0.85 >6500 >3.8  10400 ± 2400 67 
a: Value and error reported are from fitting a hyperbola to the results of two independent 
experiments plotted together in 30 mM MOPS pH 7.8, 1 mM TCEP, 100 mM NaCl, and 1 mM 
CaCl2. 
b: Value and error reported are from fitting a hyperbola to the results of two independent 
experiments plotted together in 30 mM MOPS pH 7.8, 1 mM TCEP, 330 mM NaCl, 20 mM 
CaCl2. 
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c: We could not reach saturating enzyme conditions for Y140A binding to pre-tRNACys in 330 
mM NaCl and 20 mM CaCl2. A lower limit for KD was estimated from the available data, 
assuming the saturating anisotropy was the same as for WT. 
 
The loss of 1 kcal/mol that we observe for the Y140F is consistent with Y140 interacting 
through a hydrogen bond to substrate with the tyrosine hydroxyl. The additional 1.8 kcal/mol loss 
observed with the alanine substitution is consistent with the energy supplied by stacking a phenyl 
ring with a nucleic acid base (Guckian et al. 2000). For the R184A mutant, the 67-fold reduced 
affinity corresponds to a loss of 2.5 kcal/mol in non-ionic binding energy compared to WT, which 
could indicate loss of 1–3 hydrogen bonds with the guanidinium group and/or hydrophobic 
interactions with the arginine methylene groups. By comparison, the R184K mutation increased 
the K0 by 10-fold, corresponding to a loss of 1.4 kcal/mol compared to WT, consistent with the 
loss of a hydrogen bond. In AtPRORP1, Y140 and R184 are located at position 10 of neighboring 
helices forming a non-sequential, structural pair. This YR pair is widely conserved in PRORP 
PPRs, including metazoan PRORPs (Figure 2-8). 
The C-terminal La domain of the telomerase protein p65 also contains a conserved YR 
structural pair (Y407 and R465), situated on neighboring β-strands, that are important for 
recognition of the conserved GA bulge in stem IV of the telomerase RNA (Singh et al. 2012). 
Given the significant contribution of the phenyl ring and the guanidinium group revealed by the 
Y140A/F and R184A/K mutations in AtPRORP1 and Y74S/F in AtPRORP2, we propose that these 
residues make similar interactions with the tRNA elbow, the conserved structural feature that 
results from the interaction of the D- and TC-loops, which were previously proposed to interact 
with PRORPs (Gobert et al. 2013). These interactions do not have to be sequence specific, but like 
the p65 YR pair (Singh et al. 2012), they could favor purines such as the conserved G18G19 in the 
D-loop. In fact, when these residues in a canonical pre-tRNAGly are individually mutated to 
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adenine, there is a ≈ 4.5-fold (G18) or ≈ 1.5-fold (G19) increase in the STO K1/2 (Brillante et al. 
2016). 
In contrast to our Y140 data, the data for Y133 indicate that the hydroxyl group, but not 
the phenyl ring, contributes to substrate affinity. Mutation of N136 and N175 results in the loss of 
approximately 1 kcal/mol apiece, consistent with a hydrogen bond from the amide side chain of 
each. The T180A mutation leads to a 1.7 kcal/mol loss, consistent with up to one or more hydrogen 
bonds and/or hydrophobic interactions. Our data show that T113A in PRORP2 had at most a 3.5-
fold effect on binding affinity. The T180S variant reduces the affinity to a similar extent, indicating 
a loss of 1.5 kcal/mol, but substitutions of T113S and T113N were not sufficient for significant 
processing defects in previous studies (Brillante et al. 2016). Nonetheless, our data may either 
indicate that the threonine methyl group is required to sterically position the hydroxyl for substrate 
interaction or that it makes a hydrophobic contact to substrate.  
While AtPRORP1 T180 (T113 in AtPRORP2) is at a base-selecting position 6, its 
corresponding 1’ partner in the putative base-selection position would be R210 (R145 in 
AtPRORP2). Arginine residues have not previously been identified as base-selecting residues for 
PPRs (Barkan et al. 2012; Yagi et al. 2013). Furthermore, the potential nucleobase binding cleft 
is occluded by an interaction between T180 (T113) and R212 (R147) in the AtPRORP1 and 
AtPRORP2 crystal structures (PDB 4g24 and 5diz) (Howard et al. 2012; Karasik et al. 2016). The 
R212A mutant showed severe defects in substrate binding and catalysis. R212 is involved in 
multiple interactions within an extended series of salt-bridge and hydrogen bonding interactions 
that begins at T180 in helix A of PPR3 and terminates in helix B of PPR 4 at S240 (Figure 2-7C) 
(Howard et al. 2012), suggesting that the mutation may disrupt pre-tRNA binding by altering the 
structure of the PPRs. To examine this, we tested the AtPRORP1 R212A stability by the 
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ThermoFluor assay (Pantoliano et al. 2001), which demonstrated that the observed melting point 
was unchanged from WT (data not shown). Taken together, our mutagenesis data for AtPRORP1 
and AtPRORP2 indicate that the PRORP PPR domain does not interact with pre-tRNA in the same 
manner as ssRNA-binding PPR proteins. 
An alternative recognition mode could include structural recognition, like the tRNA elbow 
recognition employed by the specificity (S) domain of the P RNA subunit in the bacterial 
ribozyme. The S-domain makes stacking interactions with the conserved G19–C56 tertiary 
interaction between the D- and TψC-loops and sugar face interactions with the conserved G53–C61 
pair at the end of the TψC arm (Reiter et al. 2010). These interactions recognize conserved pre-
tRNA structural elements and allow P RNA to recognize the entire set of pre-tRNA transcripts 
without specificity for the tRNA body sequence. Likewise, we propose that the PPRs of PRORPs 
recognize tRNA structure using a similar strategy through structure-specific interactions. A similar 
mode of recognition has been proposed previously (Gobert et al. 2013). While our data support a 
model in which PRORP PPRs recognize the tRNA structure rather than conserved sequences, we 
cannot yet rule out at least the partial involvement of base-recognition strategies such as those 
employed by canonical PPR proteins. 
PRORP-substrate recognition model 
Using our data, as well as previously published data (Gobert et al. 2013; Imai et al. 2014), 
we propose a new model to describe how AtPRORP1 and AtPRORP2 bind their substrates. This 
model is predictive and yields specific hypotheses about the PRORP-pre-tRNA complex. A 
previous attempt to model the complex utilized AtPRORP1 bound to tRNA with base-specifying 
interactions between a TψC-loop cytosine and PPR motifs 3 and 4 (Imai et al. 2014). To 
accomplish this, the tRNA coordinates were modified using a tRNA bound to a pseudouridine 
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synthetase (Hoang and Ferre-D'Amare 2002), which has significant alterations to the TψC-loop 
bases and backbone. The remaining tRNA coordinates were derived from the bacterial RNase P 
holoenzyme in complex with a tRNA product (Reiter et al. 2010). 
For constructing our model, we employed the crystal structures of AtPRORP1 (PDB 4g24) 
and AtPRORP2 (PDB 5diz) (Howard et al. 2012; Karasik et al. 2016). The two structures are 
highly conserved, yet there is a significant difference in the angle between specific PPR motifs 
and between the central domain and the metallonuclease domain; as a consequence, AtPRORP2 is 
in a more “open” conformation. We propose that the two distinct structural snapshots may 
represent two different conformations that potentially play a role in substrate binding (Karasik et 
al. 2016). The more “open” AtPRORP2 conformation can more readily accommodate tRNA, since 
the distance between the active site and the proposed substrate binding region in the PPR domain 
is ~ 50 Å. Therefore, we used the AtPRORP2 structure to generate a tRNA interaction model and 
used this model as a template to generate a model for AtPRORP1-tRNA recognition. There are no 
crystal structures available for any of the tRNAs used in this study to use for our PRORP-tRNA 
model. However, since the 3D structure of tRNAs is highly conserved, we chose a tRNA that 
resembles a canonical eukaryotic tRNA with an available crystal structure (PDB 1ehz) (Shi and 
Moore 2000) and used this structure with only slight modifications to bases predicted to interact 
with the protein. 
The tRNA substrate can be accommodated well between the metallonuclease and PPR 
domains in our model (Figure 2-10), with one exception. There is a short PRORP helix (21) and 
part of the loop that precedes it near the active site that sterically clashes with the 3' strand of the 
tRNA acceptor stem. We posit that this NYN helix will adopt a different conformation upon pre-
tRNA binding and may be directly involved in recognition. This region could serve as a hinge that 
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allows or blocks substrate binding to the metallonuclease domain. Interestingly, the invariant and 
solvent exposed R496 (R443 in PRORP2) and H498 (H445 in PRORP2) residues that reside in 
this region would be ideally placed for interaction with the phosphodiester backbone in the 
acceptor stem. We previously mutated the 21 residue H498 (H498A/H498Q, AtPRORP1) or 
H445 (H445A, AtPRORP2); all mutations reduced the STO kobs without significantly affecting the 
KD (Howard et al. 2015; Karasik et al. 2016). We proposed that these residues are involved in 
positioning the substrate and our model provides potential contacts with substrate for testing this 
hypothesis. 
 
Figure 2-10 Model of the PRORP-substrate complex.  
(A) Overall view of the modeled complex. AtPRORP2 (PDB 5diz, blue) is bound to tRNA (PDB 
1ehz, orange backbone with green and blue rings). The AtPRORP1 (PDB 4g24, yellow) NYN and 
PPR domains are aligned to the corresponding residues domains in AtPRORP2. Close-up view of 
the PPR domain highlights the positions of residues for which mutation affected binding affinity 
(> 3-fold), including D105/N38, N136/Q70, Y140/Y74, N175/N108, T180/T113, R210/R145, and 
R212/R147 in AtPRORP1/AtPRORP2, respectively. (B) Close-up of the AtPRORP2-tRNA 
complex with a potential steric clash between NYN helix 21 (red) and the 3' side of the tRNA 
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acceptor stem. (C–D) Close-up of the AtPRORP2- (C) or AtPRORP1-substrate complex (D) 
showing the NYN active site. The loop for which AtPRORP2–3 have a 4 residue insertion is 
highlighted in red (C). In both structures, the 5' leader of pre-tRNA would extend forward from 
the panel, while the 3' trailer would extend behind the NYN domain. 
Our model suggests an exit groove for the 5' leader that would place the N-3/N-2 
phosphodiester bond and N-3 nucleoside outside the bounds of the NYN domain. This is consistent 
with our Na+-dependence data for tRNA and 1-nt pre-tRNA, which suggested few contacts beyond 
the N-2 nucleoside. Moreover, our model places the N-2/N-1 phosphodiester bond near the invariant 
H438 (H386 in PRORP2) and R441 (R389 in PRORP2), implicating these residues for interactions 
with the negatively charged backbone. This aspect of our model is congruent with our data 
indicating that PRORPs interact with the tRNA leader primarily through one non-base-specific 
phosphodiester backbone contact. Furthermore, the 16–17 loop is positioned to separate the 5' 
leader and 3' trailer. Interestingly, AtPRORP1 has 4 fewer amino acids in the loop than 
AtPRORP2/3. These loop differences might explain the variations in 5' end discrimination we 
observed previously, in which AtPRORP2/3 had a stronger propensity to miscleave at the N-1 
position when an N-1/N73 base pair was possible (Brillante et al. 2016; Howard et al. 2016). Thus, 
there may be differences in the 5' end recognition employed by the two loops. 
The elbow region of tRNAs are highly structured and numerous tRNA binding enzymes 
recognize this part of the tRNA using a variety of interaction motifs (Zhang and Ferre-D'Amare 
2016). Importantly, our model predicts that: (i) R210 (R145 in AtPRORP2) and R212 (R147 in 
PRORP2) would contact TψC stem phosphodiester bonds; (ii) Asp 105 (N38 in PRORP2), N136 
(Q70 in PRORP2), and N175 (N108 in PRORP2) are positioned to hydrogen bond with bases of 
the D loop (first residue) or the TψC (last two nucleotides) loop respectively; and (iii) Y140 (Y74 
in PRORP2) is capable of both base stacking and hydrogen bonding with bases of the TψC loop. 
Although our proposed model needs to be further tested, it provides insight into the details of 
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precursor tRNA binding of PRORPs in the absence of crystal structures of PRORP-tRNA 
complexes and a rough framework for the design of future experiments. 
2.6 Conclusions 
The data we present herein support a novel model for PRORP-pre-tRNA recognition that 
shares similarities with the mode of substrate recognition by the RNase P ribozyme. The salt-
dependence of PRORP-substrate binding parses the ionic and non-ionic contributions to PRORP-
substrate binding affinity. The data revealed that AtPRORPs make at least four contacts with pre-
tRNA phosphodiester bonds. Only one of these is contained in the leader sequence, most likely at 
the N-2/N-1 phosphodiester bond. Additionally, we identified an extended surface on the PPR 
domains of AtPRORP1 and AtPRORP2 that interacts with substrate. Mutations on this surface 
suggested a mode of binding different from that of sequence specific ssRNA-binding PPR proteins. 
The biochemical and modeling data we have presented will facilitate the development of additional 
hypotheses for single-subunit PRORP substrate recognition. Given that metazoan PRORPs require 
two additional proteins for catalysis, there are likely differences that will need to be determined. 
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Chapter 3 Pentatricopeptide Repeats of Protein-only RNase P use a Distinct Mode to 
Recognize Conserved Bases and Structural Elements of Pre-tRNA2
 
3.1 Abstract 
Pentatricopeptide repeat (PPR) motifs are α-helical structures known for their modular 
recognition of single-stranded RNA sequences with each motif in a tandem array binding to a 
single nucleotide. Protein-only RNase P 1 (PRORP1) in Arabidopsis thaliana is an 
endoribonuclease that uses its PPR domain to recognize precursor tRNAs (pre-tRNAs) as it 
catalyzes removal of the 5´-leader sequence from pre-tRNAs with its NYN metallonuclease 
domain. To gain insight into the mechanism by which PRORP1 recognizes tRNA, we determined 
a crystal structure of the PPR domain in complex with yeast tRNAPhe at 2.85 Å resolution. The 
PPR domain of PRORP1 bound to the structurally conserved elbow of tRNA and recognized 
conserved structural features of tRNAs using mechanisms that are different from the established 
single-stranded RNA recognition mode of PPR motifs. The PRORP1 PPR domain-tRNAPhe 
structure revealed a conformational change of the PPR domain upon tRNA binding and moreover 
demonstrated the need for pronounced overall flexibility in the PRORP1 enzyme conformation for 
 
2 The following chapter is a slightly modified version of the a publication in Nucleic Acids 
Research: Teramoto,T., Kaitany,K.J., Kakuta,Y., Kimura,M., Fierke,C.A. and Hall,T.M.T. (2020) 
Pentatricopeptide repeats of protein-only RNase P use a distinct mode to recognize conserved 
bases and structural elements of pre-tRNA. Nucleic Acids Res., (Online only). As the second author 
I produced all thermodynamic fluorescent binding and single-turnover kinetic data and transcribed 
labeled and purified the pre-tRNA substrates used in these assays. I was a major contributor to the 
writing of this manuscript and played a large role in the writing of the results and conclusions of 
the manuscript. 
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substrate recognition and catalysis. The PRORP1 PPR motifs have evolved strategies for protein-
tRNA interaction analogous to tRNA recognition by the RNA component of ribonucleoprotein 
RNase P and other catalytic RNAs, indicating convergence on a common solution for tRNA 
substrate recognition. 
3.2 Introduction 
Transfer RNA (tRNA) is an essential non-coding RNA required for protein translation that 
physically links the genetic code in mRNA to the amino acid sequence of a protein. With a classical 
length of 70-85 nucleotides, mature tRNAs fold into the functional 3D L-shaped structure. tRNAs 
undergo a maturation process whereby precursor molecules undergo a series of individual 
processing steps, including 5´- and 3´- sequence removal, RNA base modifications, splicing, and 
addition of the conserved 3´-terminal CCA sequence. Correct tRNA processing is critical for 
function. It is therefore not surprising that mutations in tRNA genes and tRNA processing enzymes 
are associated with multiple diseases (1). 
Ribonuclease P (RNase P) is an endoribonuclease that catalyzes the 5´ maturation of tRNA 
precursors (pre-tRNA). Two forms exist in nature. In all three phylogenetic domains, RNase P 
occurs as a ribonucleoprotein (RNP) containing a catalytic RNA and up to 10 protein cofactors. In 
eukaryotes, protein-only RNase P (PRORP) forms are present in the nuclei and organelles (2,3). 
A minimal protein-only RNase P was also reported in some phyla of bacteria and archaea (4,5). 
Because RNP RNase P and PRORP catalyze identical reactions, they serve as a model system for 
how RNA-based and polypeptide enzymes have co-evolved (3). Since Altman and co-workers 
discovered in 1983 that Escherichia coli RNase P RNA (M1 RNA) is a ribozyme (6), biochemical 
and structural studies have focused largely on bacterial RNase P RNAs, and much information on 
structure-function relationships is available (2,7). The structures of bacterial, archaeal, and 
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eukaryotic RNP RNase P in complex with tRNA elucidated the structural basis for the catalytic 
mechanism and tRNA recognition of RNP RNase P at the atomic level (8-11).  
How 5´ pre-tRNA processing was carried out in the apparent absence of RNP RNase P in 
plant cells and organelles in eukaryotic cells was a mystery until the discovery of PRORP in 2008. 
PRORP was initially found in human mitochondria (12,13) and subsequently found in the 
organelles and nuclei of the model plant A. thaliana (14,15), the alga Ostreococcus tauri (16), the 
protozoan Trypanosoma brucei (17), and the moss Physcomitrella patens (18). A recent 
bioinformatics analysis described that PRORP proteins are widely present in four out of the five 
main eukaryotic supergroups (apparently absent in Amoebozoa), and that the occurrence of RNP 
RNase P and PRORP proteins seems mutually exclusive in genetic compartments of modern 
Eukarya (19). Human mitochondrial PRORP was the first identified (originally termed mammalian 
mitochondrial RNase P, MRPP3), and it requires two additional protein subunits (MRPP1 and 
MRPP2) for function (12). In contrast, A. thaliana PRORP requires no additional subunits to 
catalyze pre-tRNA maturation in vitro (although there is some evidence that plant organellar 
PRORP might function with other proteins in vivo (20)), and as a result, it is used as a model 
PRORP for comparison with RNP RNase P. A. thaliana encodes three isozymes, PRORP1, 
PRORP2, and PRORP3. PRORP1 is localized in mitochondria and chloroplasts, while PRORP2 
and PRORP3 are in the nuclei (14). PRORP1 can catalyze the endonucleolytic maturation of pre-
tRNA and substitute for RNP RNase P activity in E. coli (14) as well as in Saccharomyces 
cerevisiae (21). Crystal structures of PRORP1 and PRORP2 revealed that PRORP proteins 
comprise five tandem pentatricopeptide repeat (PPR) motifs, a central linker domain, and a 
metallonuclease domain belonging to the NYN family. The N-terminal PPR domain is involved 
in pre-tRNA binding, while the C-terminal metallonuclease domain catalyzes cleavage (22,23). 
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The PRORP PPR domain has been shown to contact the D and TψC loops at the pre-tRNA ‘elbow’ 
while the NYN nuclease domain is responsible for catalysis at the 5´ end (3,22,24). No crystal 
structures of a PRORP in complex with pre-tRNA or tRNA have been reported, leaving open the 
question of how the PPR domain recognizes the structured pre-tRNA elbow.  
PPR motif-containing proteins are eukaryote-specific and widely distributed among RNA-
binding proteins in plants that are involved in organelle transcript processing and stability (25-27). 
PPR motifs are often found in tandem, and each repeat forms a helix-turn-helix fold of ~35 amino 
acid residues (28). Computational and biochemical analyses have identified a putative RNA 
recognition code for PPR proteins (29-31). Recent crystal structures of the maize chloroplast 
protein PPR10 and a designed PPR protein in complex with single-stranded RNA support the 
proposed recognition code and revealed the molecular basis for specific and modular recognition 
of RNA bases (32,33). 
Given the established single-stranded RNA recognition mode of PPR motifs, different 
models have been proposed for the PRORP1 PPR domain recognition of substrate pre-tRNA. Imai 
et al. proposed a model of tRNA docked onto PRORP1 with the second (PPR2) and third (PPR3) 
PPR motifs recognizing nucleotides C56 and A57, respectively, in the TψC loop of pre-tRNA (34). 
In addition, Pinker et al. reported a small angle scattering (SAXS)-based model of PRORP2 in 
complex with pre-tRNA, showing its PPR2 and PPR3 motifs recognizing C56 in the TψC loop 
and G18 in the D-loop, respectively (35). Both of these models used the rules derived for sequence-
specific binding of single-stranded RNA by PPR motifs and proposed that PPR2 selects a 
pyrimidine while PPR3 selects a purine. In contrast, Klemm et al. demonstrated that conserved 
residues outside the canonical PPR RNA-interacting positions are critical for pre-tRNA 
recognition and tRNA sequence substitutions had little effect on PRORP1-pre-tRNA binding 
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affinity (36). Moreover, the salt dependence of PRORP-pre-tRNA affinity indicated the 
involvement of ionic interactions. As a result, Klemm et al. proposed a model of the PRORP-pre-
tRNA complex without sequence-specific interactions, instead showing the PPR domain 
interacting with backbone phosphodiester bonds of tRNA. This model is also consistent with 
biochemical data showing that the PPR3 motif of A. thaliana PRORP3 could not be 
‘reprogrammed’ using the established single-stranded RNA-binding code (29-31) to bind to tRNA 
bearing a pyrimidine at nucleotide 57 (37). 
To gain an atomic level understanding of how PRORP recognizes pre-tRNA and resolve 
the discrepancies in models of PPR motif recognition of the tRNA elbow, we determined a crystal 
structure of the PPR domain of A. thaliana PRORP1 in complex with yeast tRNAPhe at a resolution 
of 2.85 Å. The structure revealed that the PPR domain of PRORP1 recognizes the ‘elbow’ region 
of yeast tRNAPhe via base- and structure-specific interactions that are completely different from 
the established single-stranded RNA recognition by other PPR proteins. The PPR1 and PPR2 
motifs recognize two invariant nucleotide residues, G19 and C56, that form a base pair between 
the D and TψC loops. In addition, residues within the PPR1 motif bind U17 and G20 in the D loop, 
and residues in the PPR3 motif interact with the TψC loop. These residues form electrostatic and 
stacking interactions with the tRNA and also hydrogen bond interactions that appear to be base 
specific. Each of these interactions contributes to the binding affinity. This tRNA elbow 
recognition mode is remarkably similar to that of RNP RNase P, as well as to those of 23S rRNA 
(38) and T-box riboswitches (39). Thus, the results presented here support the notion that PRORP 
proteins and functional RNAs, such as RNase P RNA, 23S rRNA and T-boxes, have converged 
on a similar solution to tRNA recognition (8-11,24,35,38-40). The tRNA interaction mode of the 
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PPR domain also reveals evolution of PPR motifs to recognize structured RNA in addition to 
single-stranded RNA sequences. 
3.3 Materials and Methods 
Protein expression and purification 
The cDNA sequence encoding an engineered PPR domain (residues 84-292 with 
solubilizing substitutions Y266N, F284Q, and F291Q) was subcloned into the pSMT3 vector 
(kindly provided by Christopher Lima, Memorial Sloan Kettering Cancer Center), which encodes 
an N-terminal His6-SUMO tag. The engineered PPR domain was expressed in E. coli strain BL21-
CodonPlus (DE3)-RIL (Agilent Technologies) at 18 °C overnight after induction with 0.5 mM 
IPTG. The cells were collected by centrifugation, and pellets were resuspended in lysis buffer 
(containing 50 mM Tris-HCl, pH 8.0, 500 mM NaCl) and stored at −80 °C until use. The cells 
were disrupted by sonication followed by centrifugation to remove cell debris. The soluble fraction 
was applied to a Ni-NTA agarose column and thoroughly washed with lysis buffer containing 20 
mM imidazole. The target SUMO fusion protein was eluted with lysis buffer containing 400 mM 
imidazole. The fusion protein was cleaved overnight with 0.2 mg of Ulp1 protease and dialyzed 
against a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.5 mM TCEP. The 
protein was then loaded onto a HiTrap Q column (GE Healthcare), which did not bind PRORP1 
(Figure 3-1A). The flow-through fractions were pooled and dialyzed against a buffer containing 
25 mM Hepes-NaOH, pH 7.0, 150 mM NaCl and 0.5 mM TCEP. The sample was loaded onto a 
HiTrap SP column (GE Healthcare). Bound proteins were eluted using a linear gradient from 0.1 
to 1 M NaCl in 25 mM Hepes-NaOH, pH 7.0. Peak fractions containing the engineered PPR 
domain were pooled and concentrated and reducing agent was added (final concentration of 1 mM 
dithiothreitol or 5 mM 2-mercaptoethanol). The protein was purified further using a Superdex 75 
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10/300 GL column (GE Healthcare), equilibrated with 25 mM HEPES, pH 7.0, 200 mM NaCl, 
and 0.5 mM TCEP. Final purified protein was concentrated to 5 mg/mL. 
Figure 3-1 Purification of the PRORP1 PPR domain and PRORP1 PPR domain-tRNAPhe 
complex for crystallization.  
(A) Chromatography profiles and SDS-PAGE gels for purification of the PRORP1 PPR domain. 
For all chromatograms, fractions in the yellow highlighted region were pooled and loaded onto the 
subsequent column. For all gels, L marks the lane with the protein sample loaded onto the column 
and FT marks the lane with a representative flow through protein sample. The cleaved SUMO-
PRORP1 PPR domain fusion protein preparation was loaded onto a HiTrap Q column to remove 
E. coli nucleic acid contamination, which bound to the column and was eluted in complex with the 
PRORP1 PPR domain (purple region) or as free nucleic acid (pink region). The majority of SUMO 
protein and PRORP1 PPR domain flowed through (yellow region). The HiTrap Q flow through 
fractions were pooled and loaded onto a HiTrap SP column and eluted with a 10-100% gradient 
of 1M NaCl. The PRORP1 PPR domain eluted within a single peak (yellow region). Much of the 
SUMO protein did not bind to the HiTrap SP column (see FT fraction lane). The pooled HiTrap 
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SP peak fractions were loaded onto a Superdex 75 column, which separated the PRORP1 PPR 
domain (yellow region) from residual SUMO protein (green region). (B) Chromatography profile, 
SDS-PAGE gel, and TBE-PAGE gel for purification of the PRORP1 PPR domain-tRNAPhe  
complex. The fractions in the red region were pooled and concentrated to A260 =43 for 
crystallization. 
 
For crystallization, the engineered PPR domain was mixed with commercially available 
yeast tRNAPhe (Sigma-Aldrich). Protein and RNA were mixed at a ratio of 1:1.05, and the mixture 
was incubated at 4 °C overnight. The protein-RNA complex was purified further using a Superdex 
75 10/300 GL column (GE Healthcare), equilibrated with 25 mM HEPES, pH 7.5, 150 mM NaCl, 
2 mM MgCl2, and 0.5 mM TCEP (Figure 3-1B). Peak fractions containing the complex were 
pooled and concentrated to A260 = 43.  
Full-length PRORP1 protein for binding assays was purified as described in a previous 
study (22). The protein was purified by Ni-NTA agarose chromatography, followed by purification 
on a HiTrap SP column. Peak fractions containing the full-length protein were pooled and 
concentrated. The protein was purified further using a HiLoad 16/60 Superdex 75 column (GE 
Healthcare) equilibrated with 20 mM MOPS, pH 7.8, 300 mM NaCl and 0.5 mM TCEP. The peak 
fractions were pooled and concentrated to 76 µM. Mutant proteins were expressed at equivalent 
levels to WT protein, behaved similarly during the purification steps, and no differences were 
detected in CD spectra. 
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Circular dichroism analyses 
To assess folding of the mutant proteins, we measured circular dichroism (CD) spectra of 
full-length PRORP1 wild-type, R212K, R210S, and Y133Q proteins (Figure 3-2). The CD spectra 
were measured on a Chirascan CD spectrometer (Applied Photophysics) at 20 °C. For each sample 
(300 μl in a 0.1 cm light-path cell), three scans were accumulated in the wavelength range of 190–
260 nm with a 0.2 nm step size. Protein samples were 0.13 mg/ml in 25 mM sodium phosphate, 
pH 7.5, 200 mM NaCl. The raw CD data were adjusted by subtracting a buffer blank. CD spectra 
of wild-type and mutant proteins displayed negative ellipticities at 208/222 nm and 215 nm, which 
indicate the presence of α helices and β strands, respectively. 
Crystallization, data collection, structure determination and refinement 
Crystallization of the purified PRORP1 PPR domain-tRNAPhe complex was performed by 
the sitting-drop vapor diffusion method at 4 °C. Sitting drops contained 250 nL of protein-RNA 
complex solution mixed with 250 nL of reservoir solution (1.4-1.5 M sodium citrate). Prior to data 
collection, crystals were transferred to a cryoprotectant solution containing 1.6 M sodium citrate 
and flash cooled to -180 °C. X-ray diffraction data were collected at beamline 22-ID of the 
Advanced Photon Source (APS) at 100 K with a wavelength of 1.000 Å. The data were processed 
using HKL2000 (HKL Research Inc.) (41). Phases were determined by molecular replacement 
using the program Phaser and search models of the PPR domain of Arabidopsis PRORP1 (PDB 
ID: 4G24) and yeast tRNAPhe (PDB ID: 1EHZ). Model building was carried out with the program 
Coot (42). The programs Refmac5 (43) and Phenix.refine (44) were used for refinement. The 
structures displayed good geometry when analyzed by MolProbity (45). Approximately 98% and 
2% of the residues constituting the PPR domain were in the most favored and allowed regions of 
the Ramachandran plot, respectively. Modified bases were modeled into the structure: 2-methyl-
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guanosine at position 10, 5,6-dihydrouridine (D) at positions 16 and 17, N2-dimethylguanosine at 
position 26, O2´-methyl-cytidine at position 32, O2´-methyl-guanosine at position 34, the Y base 
or wybutosine at position 37, pseudouridine (ψ) at positions 39 and 55, 5-methyl-cytidine at 
positions 40 and 49, 7-methyl-guanosine at position 46, 5-methyl-uridine at position 54, and 1-
methyl-adenosine at position 58. The average B factor for the tRNA is high due to poor electron 
density in regions of the tRNA that do not contact the PRORP1 protein. However, the electron 
density is strong at the tRNA D and TψC loops where it contacts PRORP1 (Figure 3-3A).  
In vitro transcription 
Pre-tRNAs were synthesized as previously described (36,46) through run-off transcription 
from a restriction-digested (BstNI) pUC18 plasmid encoding Bacillus subtilis pre-tRNAAsp. In 
vitro transcription reactions were run in 5:1 excess of 5´-O-monophosphorothiate guanosine 
(GMPS) to GTP. The 5´-GMPS pre-tRNA product was reacted with 5-iodoaceamidofluorescein 
(5-IAF) in a 1:40 molar ratio (RNA:5-IAF) to produce a 5´-fluorescein labeled product. Labeling 
reactions were carried out in 10 mM Tris, pH 7.2 with 1 mM EDTA for 16 h at 37 °C yielding 25-
30% fluorescently-labeled pre-tRNA. The labeled pre-tRNA was gel purified using 12% urea-
PAGE and eluted using the crush-soak method (47). Purified products were concentrated using 10 
kDa MWCO Amicon® Ultra Centrifugal Filters, and ethanol precipitation. Pre-tRNA stocks were 
resuspended in 10 mM Tris, pH 8.0 with 1 mM EDTA, quantified by absorbance, and stored at -
80 °C.  
The extinction coefficient for the B. subtilis pre-tRNAAsp at 260 nM was experimentally 
determined to be 674,390 M-1 cm-1 through alkaline hydrolysis. Concentrations of fluorescein were 
measured at 492 nm (extinction coefficient = 78000 M-1 cm-1). Prior to all assays, substrates were 
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thawed, diluted with nuclease-free water, and heated at 95 °C for 90 sec followed by refolding by 
incubating at 25 °C for ≥ 15 min, and then incubating with metal-containing buffer for ≥ 15 min.             
Fluorescence anisotropy binding assays 
Binding assays were performed in Corning black polystyrene half-area 96-well plates 
(Product number 3686), as previously described (22,46). In short, PRORP1 variants were serially 
diluted from 20 μM to 9 nM and equal volumes of enzyme and 20 nM 5´-fluorescein-pre-tRNA 
substrate were mixed; a minimum of 12 concentrations was analyzed. Enzyme-substrate mixtures 
were incubated at 25 ± 1 °C in 30 mM MOPS, pH 7.8, 330 mM NaCl, 1 mM TCEP, and 20 mM 
CaCl2. Anisotropy readings of the 5´-fluorescein-pre-tRNA tag were measured with a Tecan Ultra 
plate reader using an excitation wavelength of 485 nm, and emission wavelength of 535 nm. The 
anisotropy measurements at each enzyme concentration were observed 5 times over 15-20 min to 
ensure complete equilibration. The concentration dependence of the anisotropy changes was well 
described by a single binding isotherm (Equation 1) (where FA is the fluorescence anisotropy, FA0 
is the initial anisotropy, ΔFA is the total change in anisotropy, P is the concentration of PRORP 
and KD is the dissociation constant). The KD values and standard error for KD values were 
calculated by fitting Eq. 1 to the data points from a single experimental trial using GraphPad Prism 
to carry out non-linear regression analysis. 
Equation (1)      𝐹𝐴 = 𝐹𝐴0 +
∆𝐹𝐴∙[𝑃]
[𝑃]+𝐾𝐷
 
Single-turnover kinetic assays 
Single-turnover assay reactions were initiated through addition of 5–45 µM enzyme to an 
equal volume of 30 nM 5´-fluorescein-pre-tRNA substrate. Reactions were carried out at 25 ± 1 
°C in 30 mM MOPS, pH 7.8, 330 mM NaCl, 1 mM TCEP, and 20 mM MgCl2. At specific time 
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points (0–4800 sec), 4 µL aliquots of the reaction were quenched with an equal volume of 100 
mM EDTA, 8 M Urea, 0.05% bromophenol blue, 0.05% xylene cyanol, and 2 µg/µL yeast tRNA. 
Fluorescently labeled pre-tRNA substrate and 5´ leader product were separated by electrophoresis 
on 22.5% denaturing urea-PAGE gel. Gels were visualized using an Amersham Typhoon 
Biomolecular Imager, and the fraction of product was quantified using ImageJ software. A 
minimum of 10 time points was analyzed for each mutant. Observed single-turnover rate constants 
and standard errors were obtained by fitting a single exponential to the data points from a single 
experimental trial using GraphPad Prism 8 (Equation 2). 
Equation (2)     𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝐴 − 𝐵(𝑒−𝑘𝑡) 
Electrophoretic mobility shift assays 
tRNAs were radiolabeled at the 5´ end using [γ-32P] ATP and T4 polynucleotide kinase, 
then purified using an Illustra MicroSpin G-25 column (GE Healthcare). RNA-binding reactions 
included 0.9 nM radiolabeled RNA and protein serially diluted (2-fold) from 25 µM to 3 nM. 
Binding reactions were incubated for 1 h at 20 °C in 20 mM HEPES, pH 7.9, 100 mM NaCl, 1 
mM TCEP, 10 mM CaCl2, 0.02% (v/v) Tween 20, 0.1 mg/mL poly r(U) , and 2.5% (v/v) glycerol 
and separated by electrophoresis on 10% TBE polyacrylamide gels (Invitrogen). Gels were dried 
and exposed to storage phosphor screens for 6–20 h, scanned with a Typhoon 8600 Imager, and 
the band intensities were quantified with ImageQuant 5.2. The data for three technical replicates 
were analyzed and KD values were calculated via non-linear regression analysis for one-site 
binding with GraphPad Prism 7. 
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3.4 Results 
Engineering a PRORP1 PPR domain for crystallization 
To understand substrate recognition by PRORP enzymes, we sought to determine a crystal 
structure of a PRORP in complex with tRNA. Through protein engineering, we obtained crystals 
suitable for structure determination of the PPR domain of A. thaliana PRORP1 in complex with 
tRNAPhe. Our attempts to crystallize a PRORP containing both PPR and catalytic domains in 
complex with tRNA were unsuccessful. We therefore focused on the PRORP1 PPR domain as the 
module that drives tRNA recognition (24,34-36). We engineered three regions of the PPR domain 
to promote crystallization. First, we noted that in the crystal structure of Arabidopsis PRORP1 
(residues 76-572, PDB ID: 4G24) helices α10 and α11 of the PPR domain form a hydrophobic 
interface with the central zinc-finger domain (22). Three aromatic residues within the PPR domain 
(Tyr266, Phe284 and Phe291) are located at the interface. To increase the solubility of the PPR 
domain, we substituted these aromatic residues with hydrophilic residues (Y266N, F284Q and 
F291Q). Second, previous studies demonstrated that the N-terminal flexible region is involved in 
tRNA binding and lysine residues in this region might contact tRNA (34,40), although residues 
76-94 were disordered in the crystal structure of PRORP1. We defined the minimal N-terminal 
region required for tRNA binding by measuring binding of N-terminal deletions of the PPR 
domain (named N76, N83 or N86 to indicate the N-terminal residue with all fragments extending 
to the C-terminal residue 294) to yeast tRNAPhe by electrophoretic mobility shift assay (EMSA). 
The affinity of the N86 variant for tRNA was considerably weaker than that of the N76 and N83 
variants (Table 3-1), indicating that the N83 variant is optimal for tRNA binding affinity. Third, a 
long loop (LAEAATESSP) between the two α-helices of the PPR2 motif is shorter in the other 
Arabidopsis isoforms, PRORP2 and PRORP3. Substituting this loop with a shorter loop 
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(LASASS) had little effect on tRNA binding affinity (Table 1, PRORP1 PPR N83 ΔPPR2 loop). 
The engineered PRORP1 PPR domain (84-294) with three solubilizing substitutions (Y266N, 
F284Q and F291Q) and a shorter loop in the PPR2 motif produced well behaved protein that 
retained tRNA recognition and was used successfully for crystallization in complex with yeast 
tRNAPhe. For simplicity, we will refer to this as the PRORP1 PPR domain. 
 
Table 3-1 Binding affinities of PRORP1 PPR domain variants 
a Measured using electrophoretic mobility shift assays in 20 mM HEPES, pH 7.9, 100 mM NaCl, 
1 mM TCEP, 10 mM CaCl2, 0.02% (v/v) Tween 20, 0.1 mg/mL poly r(U) , and 2.5% (v/v) glycerol 
at room temperature. The mean and standard error of the mean values for three technical replicates 
are reported. 
Structure description 
We determined a crystal structure of the Arabidopsis PRORP1 PPR domain in complex 
with yeast tRNAPhe at 2.85 Å resolution by molecular replacement (Table 3-2). Two independent 
crystallographic complexes were present in an asymmetric unit. The N-terminal 11 residues of the 
PPR domain (SRKAKKKAIQQ) are disordered in the crystal structure in complex with tRNAPhe, 
despite their importance for tRNA binding (Table 3-1). The basic residues of the N-terminal 
flexible region could interact non-specifically with negatively-charged phosphate groups of the 
tRNA backbone to enhance substrate binding affinity. The two complexes include chain A (PPR 
domain)-chain B (tRNAPhe) and chain C (PPR domain)-chain D (tRNAPhe) and are highly similar 
PRORP1 PPR Domain Variant tRNA KD (nM)a 
PRORP1 PPR N76 Yeast tRNAPhe 627 ± 55 
PRORP1 PPR N83 Yeast tRNAPhe 281 ± 44 
PRORP1 PPR N83 ΔPPR2 loop  Yeast tRNAPhe 317 ± 92 
PRORP1 PPR N86 Yeast tRNAPhe 3405 ± 338 
PRORP1 PPR N83 Arabidopsis mito pre-tRNACys 257 ± 54 
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overall (root mean square deviation [rmsd] value of 1.00 Å over 192 CA atoms in the protein, 1.36 
Å over 1569 atoms in the tRNA, and 1.94 Å over 1352 main chain atoms in the complex). 
However, each PPR domain in the asymmetric unit binds its corresponding tRNAPhe in a slightly 
different manner. The chain D tRNA molecule appears to be influenced by crystal packing forces, 
resulting in the chain C-chain D complex lacking some interactions. Hence, we focus on the chain 
A-chain B complex to describe the PPR domain-tRNA interaction.  
Table 3-2 Crystallographic Summary of PRORP1 PPR-tRNAPhe 
 
The crystal structure of the PRORP1 PPR domain-tRNA complex revealed that the PPR 
domain undergoes conformational changes that place PPR motifs 1-4 in position to interact with 
the tRNA. The PRORP1 PPR domain comprises 5 consecutive PPR repeats and one additional C-
terminal helix (Figure 3-4A). The PPR5 motif does not interact with the tRNA. Instead it may aid 
in positioning the PPR1-4 motifs for tRNA elbow recognition relative to the nuclease active site. 
As noted in the crystal structure of full-length PRORP1, the central linker domain interacts with 
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the PPR5 motif and the terminal α-helix of the PPR domain (22). PPR5 together with the central 
linker domain bridges the tRNA elbow recognition and catalytic domains. It also serves as a C-
terminal cap to the PPR domain, which stabilizes the terminal α-helices in the PPR4 motif (48). 
When compared with the PPR domain in the structure of full-length apo PRORP1 (PDB ID: 
4G24), the first three PPR repeats (PPR1, PPR2 and PPR3) are different in their configurational 
details. The tRNAPhe-bound PPR domain exhibits a more curved conformation (Figure 3-3B). With 
the PPR4 and PPR5 motifs aligned, the PPR3 motif in the complex is shifted away from the tRNA, 
whereas PPR1 is closer to the tRNA molecule. These changes allow PPRs 1-4 to interact with the 
tRNA, inducing a more extensive interaction surface than had been predicted. Conformational 
flexibility is a common feature of PPR proteins. Previous studies show that PPR proteins utilize 
considerable structural adaptability to bind to single-stranded RNA (32,49). In contrast, the overall 
structure of yeast tRNAPhe is unaltered by the binding of the PPR domain. The structure of yeast 
tRNAPhe is highly similar to the previously determined structure of the tRNA alone (PDB ID: 
1EHZ, rmsd value of 1.56 Å over 1568 atoms).  
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Figure 3-2 The PRORP1 PPR domain changes conformation to recognize the tRNA ‘elbow’. 
(A) The tRNA elbow binds to PRORP1 near PPR motifs 1 and 2. An Fo-Fc omit electron density 
map contoured at 3.0σ is superimposed with the tRNA. (B) Superposition of the PPR domains of 
the tRNA-bound PRORP1 PPR domain (green) and tRNA-free PPR domain (pink, PDB ID: 
4G24). PPR domains are shown with α helices as cylinders, and the tRNA is shown as a backbone 
trace. Shifts in conformation are highlighted by arrows. 
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Figure 3-3 The PRORP1 PPR domain recognizes the tRNA D and TψC loops.  
(A) Ribbon diagram of the crystal structure of the PRORP1 PPR-tRNAPhe complex. PRORP1 PPR 
is shown in green with tRNA-interacting residues displayed as stick models. The tRNA is shown 
as a cartoon colored by region: acceptor stem (cyan), D stem loop (blue), anticodon stem loop 
(magenta), variable region (yellow), and TψC stem loop (orange). (B) Close-up view of the G19-
C56 base pair accommodation pocket of the PRORP1 PPR domain. PRORP1 and tRNA are 
colored as in (A) with atom colors: oxygen (red), nitrogen (blue), phosphorus (orange), and sulfur 
(yellow). Dashed lines indicate interactions between PRORP1 and tRNA, and the G19-C56 and 
G18-ψ55 base pairs are indicated by transparent spheres. 
The PRORP1 PPR domain nestles the tRNA elbow in a pocket formed by PPRs 1-4 
The Arabidopsis PRORP1 PPR domain recognizes conserved features of the ‘elbow’ of 
the L-shaped tRNA, formed by the D and TψC loops (Figure 3-4). A ubiquitous G19-C56 tertiary 
interaction between the D and TψC loops is located at the tip of the tRNA elbow, and the PPR 
domain forms a pocket that accommodates the G19-C56 base pair (Figure 3-4B). Residues that 
contact the TψC loop are more conserved than those that contact the D loop (Figure 3-5). The G19 
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base is surrounded by residues from the PPR1 motif (Asp105, Met106, Ser108, and Lys109) and 
Tyr133 from the PPR2 motif (Figures 3-4B and 3-6). The OH-group of Tyr133 is hydrogen bonded 
to the N2 atom of the G19 base, potentially a base-specific interaction (Figure 3-6). The C56 base 
forms a stacking interaction with the phenol ring of Tyr140 in the PPR2 motif (Figures 3-4B and 
3-6). Together these interactions appear to recognize the structure as well as the sequence of the 
conserved base pair. In addition to recognizing the G19-C56 base pair, PRORP1 interacts with the 
base pair between G18 (D loop) and the pseudouridine, ψ55 (TψC loop). The tRNAPhe in our 
structure was obtained from yeast, so it has 14 post-transcriptional modification sites (50). The 
guanidinium group of Arg210 in the PPR3 motif is hydrogen bonded to the O2 atom of the ψ55 
base (Figures 3-4B and 3-6). The intercalation of G57 between these two base pairs forms the 
tRNA elbow’s structural core whose sequence and structure are probed by PRORP1. 
Figure 3-4 PRORP1 uses a conserved surface to interact with the TψC loop of tRNA.  
The PRORP1 PPR domain is shown as a space-filling sphere representation with residues colored 
by degree of conservation. The ConSurf server was used to identify sequence homologs and project 
the degree of conservation on the structure of the PRORP1 PPR domain. The tRNA is shown as a 
cartoon colored by region: acceptor stem (cyan), D stem loop (blue), anticodon stem loop 
(magenta), variable region (yellow), and TψC stem loop (orange). 
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Figure 3-5 PRORP1 PPR-tRNA interactions.  
Schematic representation of interactions between the PRORP1 PPR domain and yeast tRNAPhe. 
PRORP1 PPR residues are green, tRNA TψC-loop nucleotides are orange, and tRNA D-loop 
nucleotides are light blue. Circles represent tRNA phosphate groups (P). Dotted and double lines 
indicate hydrophilic and stacking interactions, respectively. 
 
The PRORP1 PPR domain forms a variety of additional tRNA interactions using basic side 
chains (Figure 3-6). Two unpaired nucleotides in the D loop are recognized by lysine side chains. 
Lys101 in the PPR1 motif stacks with the G20 base (Figure 3-6). The ε-amino group of Lys109 in 
the PPR1 motif makes a hydrogen bond with the O4 atom of the 5,6-dihydrouridine (D) base, D17 
(Figures 3-4B and 3-6). This appears to be a base-specific contact recognizing a modified 
nucleotide but it is also capable of recognizing the O4 atom of an unmodified uracil. The phosphate 
backbone of the TψC loop is contacted by two arginine residues. The guanidino groups of Arg184 
in the PPR3 motif and Arg212 in the PPR4 motif make salt-bridge interactions with the phosphate 
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moieties of C56 and G57, respectively (Figures 3-4B and 3-6). These interactions are consistent 
with the salt dependence of PRORP-pre-tRNA affinity, which suggested up to three direct contacts 
with substrate backbone phosphodiester bonds by the PPR domain (36). 
As described above, we observed PPR domain base-specific interactions with two modified 
bases in tRNA, D17 and ψ55. To gain insight into the importance of base modifications for tRNA 
affinity, we used EMSAs to compare the KD values for binding of the isolated PPR domain to in 
vitro transcribed Arabidopsis mitochondrial pre-tRNACys lacking modified nucleotides to that of 
modified tRNAPhe. These KD values of 281 ± 44 nM for yeast tRNA
Phe and 257 ± 54 nM for 
Arabidopsis mitochondrial pre-tRNACys are comparable (Table 3-1), suggesting that the post-
transcriptional modifications are dispensable for tRNA recognition by the Arabidopsis PRORP1 
PPR domain. The contacts between Lys109-D17 and Arg210- ψ55 that we observed in the crystal 
structure could be substituted by interaction of the side chains with the O4 atom of an unmodified 
uracil. 
Our crystal structure illustrating that the PRORP1 PPR domain specifically binds the tRNA 
elbow fully explains previous mutagenesis experiments that identified amino acids residues in the 
PRORP1 PPR domain that are critical for tRNA binding (36,40). Klemm et al. generated a number 
of PRORP1 mutations and analyzed the binding affinity of full-length PRORP1 to B. subtilis pre-
tRNAAsp (36). This analysis identified Tyr133, Tyr140, Arg184 and Arg212 as essential residues 
for tRNA binding (Table 3-4). Mutation of each of these residues to alanine substantially reduced 
binding affinity. Our crystal structure is in agreement with these results, as each of these amino 
acid residues is located at the interface between the PPR domain and tRNAPhe (Figures 3-4B and 
3-6). Furthermore, it appears that the interaction of Arg212 requires specific contacts that cannot 
be satisfied by a lysine at this position; we found that the R212K mutation in PRORP1 also 
 22 
dramatically reduced binding affinity of pre-tRNAAsp, as measured by fluorescence anisotropy 
(Table 3-3). The purified R212K mutant protein expressed similarly to WT protein and maintains 
protein structure as determined by CD analysis. Chen et al. combined chemical modification of 
lysines with multiple-reaction monitoring mass spectrometry and identified Lys101 and Lys109 
as putative tRNA-contacting residues (40). They further showed mutation of these lysine residues 
to alanine had a small to moderate effect on pre-tRNA binding by full-length PRORP1 (Table 3-
4). Our crystal structure also agrees with this finding, as these two residues recognize D-loop 
nucleotides through stacking and hydrogen bond interactions, respectively (Figure 3-6). The 
consistency between our crystal structure of the PRORP1 PPR domain bound to a tRNA and 
activity assays with mutant full-length proteins indicates that the structure accurately depicts 
interactions that are critical for enzyme substrate recognition.  
PRORP1 PPR motifs have evolved to recognize conserved tRNA bases and structural 
features 
Our crystal structure confirms that the PRORP1 PPR motifs recognize tRNA using 
different mechanisms than observed for single-stranded RNA recognition. PPR motifs are often 
used for single-stranded RNA binding and recognize specific RNA bases modularly, using amino 
acid side chains at positions 2, 5 and 35 (alternatively 1, 4, and ii) of the PPR motif (29,30). Based 
on the RNA recognition code of PPR motifs, it was predicted that Asn136 and Asn175 of the PPR2 
motif of PRORP1 would recognize a pyrimidine, and Thr180 and Arg210 of PPR3 would 
recognize a purine (34,35). Contrary to this prediction, our crystal structure reveals that Asn136, 
Asn175, and Thr180 do not contact the tRNA (Figure 3A, B). Residues at position 35 of PRORP1 
PPR3 (Arg210) and position 2 of PPR4 (Arg212) do interact with the ψ55 base and RNA 
backbone, but in a completely different manner than RNA base recognition by other PPR proteins 
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(Figure 3-7A, B). Arg210 at position 35 of PPR3 recognizes the ψ55 base and Arg212 at position 
2 of PPR4 interacts with backbone phosphate groups (Figure 3-7A). In contrast, residues at 
positions 2, 5, and 35 of repeat 2 of PPR10 recognize an uracil base using stacking and hydrogen 
bond interactions (Figure 3-7B). Y133 at position 2 of PRORP1 PPR2 also interacts with the 
tRNA, but it is turned away from the prospective PPR base recognition pocket to hydrogen bond 
with G19 (Figure 3-7C). 
Table 3-3 Binding affinities and kinetic constants of full-length PRORP1 to 5´-fluorescein-
pre- tRNAAsp 
PRORP1 
Variant 
kobs (min-1)a 
kobs relative to 
WT  
KD (nM)b 
KD relative to 
WT 
ΔΔG0binding 
(kcal/mol) 
Δ76 WT  2.62 ± 0.28 1 390 ± 30 1 0 
Y133D 1.17 ± 0.22 0.45 11100 ± 1600 28.4 1.9  
Y133Q 2.76 ± 0.34 1.05 3200 ± 600 8.2 1.2  
R210A 1.59 ± 0.20 0.61 4200 ± 400 10.8 1.4 
R210S 0.49 ± 0.09 0.19 10600 ± 1000 27.2 1.9 
R212K n.d.c n.d. ≥ 50000d ≥ 130 ≥ 2.9 
 
a Measured using single turnover cleavage assays in 30 mM MOPS, pH 7.8, 330 mM NaCl, 1 mM 
TCEP, and 20 mM CaCl2 at 25 ± 1 °C. The kobs and standard error values are determined from 
nonlinear least squares regression of a single exponential equation to the data points from a single 
experimental trial using GraphPad Prism.  
b Measured using fluorescence anisotropy in 30 mM MOPS, pH 7.8, 330 mM NaCl, 1 mM TCEP, 
and 20 mM CaCl2 at 25 ± 1 °C. The KD and standard error values are determined from non-linear 
least squares regression of a single binding isotherm to the data points from a single experimental 
trial using GraphPad Prism. 
c Based on the binding affinity data we were unable to measure single turnover kinetics for the 
R212K mutant under saturating enzyme concentration.  
d The lower limit for the KD for R212K was estimated from the observation of <10% change in 
anisotropy at 20 µM R212K mutant, assuming that the total change in anisotropy upon binding Fl-
pre-tRNA was similar to that of the other PRORP1 variants. 
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Table 3-4 Summary of effects on binding affinity by mutation of PRORP1 tRNA-interacting 
residues  
 
aThis work (unmodified B. subtilis pre-tRNAAsp, Δ76 PRORP1 full-length, 30 mM MOPS 
(pH 7.8), 330 mM NaCl, 1 mM TCEP, 20 mM CaCl2) 
 
bChen, et al. (40) (3’FTSC-labeled pre-tRNACys with 5-nt 5’ leader and 23-nt 3’ trailer, 
PRORP1, 20 mM HEPES (pH 7.2), 10 mM Ca(OAC)2, 100 mM NH4OAc, 4 mM DTT, 5% 
glycerol  
 
cKlemm, et al. (36) (unmodified B. subtilis pre-tRNAAsp, Δ76 PRORP1 full-length, 30 mM 
MOPS (pH 7.8), 330 mM NaCl, 1 mM TCEP, 20 mM CaCl2) 
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Figure 3-6 PRORP1 PPR motifs use distinct mechanisms for tRNA recognition.  
(A) Recognition of ψ55 by PRORP1 repeat 3. (B) Recognition of U2 by PPR10 repeat 2 (PDB ID: 
4M59). (C) Recognition of G19 by PRORP1 repeat 2 (PDB ID: 6LVR). (D) Differences in specific 
RNA recognition by PRORP1 and PPR10. RNA-interacting residues in PPR motifs 1-4 of 
PRORP1 and PPR10 are shown. Nucleotides recognized are shown below and connected by a 
yellow line. Individual recognition modules are boxed with PRORP1 colored green and PPR10 
colored blue. 
 
We identified several PRORP1-tRNA contacts that suggest base-specific recognition and 
found that Tyr133 and Arg210 are critically important for PRORP1 binding affinity and catalytic 
activity. No tRNA sequence substitution has yet been shown to affect PRORP recognition, but 
prior experiments to look for base recognition were based on the single-stranded RNA PPR 
recognition code and the corresponding premise that PRORP1 PPR2 interacts with a pyrimidine 
in the tRNA. In our crystal structure, Tyr133 interacts with G19 and together with Tyr140 appears 
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to recognize the G19-C56 base pair (Figure 3-6). Binding by Tyr133 and Tyr140 assures selection 
of this conserved feature. Mutation of Tyr133 to Phe strongly affects tRNA recognition (Table -3-
4) (36), which suggests the importance of the interaction between the Tyr133 OH and G19 N2 
groups. Many of the tRNA-contacting residues identified by our crystal structure are conserved in 
the PRORP2 and PRORP3 isoforms but some, including Tyr133, are different. Tyr133 is Gln in 
PRORP2 and PRORP3 and in the more distantly related human mitochondrial MRPP3, it is Asp 
(Figure 3-8). To investigate the importance of these interactions we measured the binding affinity 
of the PRORP1 Y133Q and Y133D mutations for 5´-fluorescein-pre-tRNA substrate using 
fluorescence anisotropy analysis (Figure 3-9A, Table 3-3). These substitutions decreased binding 
affinity by 8-fold and 28-fold relative to wild-type protein, equivalent to a loss of 1.2 and 1.9 
kcal/mol, and these losses are similar to the decreased binding affinities of the Y133A (17-fold) 
and Y133F (30-fold) mutants that were reported previously (36).  
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Figure 3-7 Conservation of tRNA-interacting residues across the PRORP family.  
(A) Amino acid sequence alignment of the PPR domain from members of the PRORP family in 
A. thaliana and human MRPP3. Higher conservation is indicated by a darker background. Red 
closed-circles indicate residues involved in base-specific interactions in PRORP1. Blue boxes and 
triangles indicate residues forming base-stacking and phosphate-salt bridge interactions, 
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respectively. (B) tRNA structure specific residues are well conserved across the PRORP family. 
Amino acid residues in A. thaliana PRORP2 and PRORP3 and human MRPP3 at equivalent 
positions to the tRNA-interacting residues of A. thaliana PRORP1. The amino acid residue 
numbering for PRORP3 matches that in Gobert, et al.  (14) and Brillante, et al. (37).  
Figure 3-8 Fluorescence anisotropy binding curves for PRORP1 variants binding to B. 
subtilis 5´-fluorescein-pre-tRNAAsp substrate.  
(A) Binding curves for PRORP1 Y133 and R212 variants. (B) Binding curves for PRORP1 R210 
variants. WT binding curves are shown in black. The assays were carried out in 30 mM MOPS, 
pH 7.8, 330 mM NaCl, 1 mM TCEP, and 20 mM CaCl2 at 25 ± 1 °C. A hyperbola (Eq. 1, Materials 
and Methods) was fit to the fraction change in anisotropy measured from a single experimental 
trial using GraphPad Prism to derive values for the dissociation constant (KD) (Table 3-3). (C) 
Fitting of the non-normalized raw anisotropy data, showing differences in total change in 
anisotropy. Both normalize and non-normalized fits gave the same KD values.  
 
In addition to Tyr133, hydrogen bond interactions between Arg210 and Lys109 and the 
tRNA appeared to be base specific. Arg210 interacts with the O2 group of ψ55 in our crystal 
structure (Figures 3-4B and 6) and it is conserved in PRORPs 1- (Figure 3-8). To evaluate its 
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involvement in tRNA recognition, we generated two mutants, R210A and R210S, and measured 
their pre-tRNA binding affinity by fluorescence anisotropy analysis. We found that the R210A 
and R210S mutations increased the pre-tRNA KD values by 11-fold and 27-fold, respectively, 
compared to that of wild-type PRORP1 (Figure 3-9B, Table 3-3). These losses in binding affinity 
correspond to decreases of 1.4 and 1.9 kcal/mol, respectively. This result demonstrates that the 
base-specific interaction of Arg210 in the PRORP1 PPR3 plays a crucial role in tRNA recognition. 
Unfortunately, we could not directly test the effect of a base substitution in the tRNA because ψ55 
also interacts with G18 and the phosphate backbone such that base substitutions would also affect 
the tRNA structure. Lys109 contacts the O4 atom of D17, a modified nucleotide (Figure 3-4B), 
however mutation to alanine was shown previously to have little effect on RNA-binding affinity 
(Table 3-4) (40). Lys109 is conserved among PRORPs 1-3 (Figure 3-8), but the nucleotide at 
position 17 in the tRNA D loop is variable (Figure 3-10). The modest effect of the K109A mutation 
appears consistent with the need to tolerate tRNA substitutions. 
 
Figure 3-9 Nucleotide sequence alignment of yeast tRNAPhe and Arabidopsis mitochondrial 
tRNAs.  
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To further understand the role that the newly identified tRNA-interacting residues (Tyr133, 
Arg210, and Arg212) play in catalysis, single-turnover kinetic rate constants (kobs) were 
determined under enzyme saturating conditions with limiting (30 nM) 5´-fluorescein-pre-
tRNAAsp substrate (Table 3-3 and Figure 3-11). Under saturating conditions, kobs measures the 
reaction of the enzyme-bound substrate, removing the effects of altering the binding affinity of 
the substrate. Therefore, significant changes in kobs compared to wild-type PRORP1 indicate that 
the mutated residue plays a role in more than just the initial binding step. Of the isoforms 
measured, Y133Q maintained wild-type level kobs (Table 3-3), indicating that the Y133Q 
mutation interfered with equilibrium association but not catalytic competence. R212K displayed 
appreciable loss in binding affinity (KD ≥ 50 µM), suggesting that this residue is important for 
tRNA recognition. However, because we were unable to achieve enzyme saturating conditions 
for R212K, we cannot accurately determine the single-turnover activity for this mutant enzyme 
to compare with wild-type (Figure 3-11).   
 
Figure 3-10 CD spectra of full-length PRORP1 wild-type and mutant proteins.  
Spectra were measured at 20 ÅãC with protein concentration of 0.13 mg/ml in 25 mM Na 
phosphate, pH 7.5, 200 mM NaCl. The raw CD data were adjusted by subtracting a buffer blank. 
CD spectra of wild-type and mutant proteins displayed negative ellipticities at 208/222 nm and 
215 nm, which indicate the presence of α helices and β strands, respectively. 
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Comparison of the R212K CD spectra with wild-type and other variants confirmed that 
R212K secondary structural folding characteristics are retained, indicating that loss in binding 
affinity is due to a loss of important binding interactions.  
In contrast, Y133D and R210A exhibited ~2-fold decreases in single-turnover activity 
while R210S displayed a ~5-fold decrease in single-turnover activity (Table 3-3 and Figure 3-11). 
These decreases indicate that cleavage of substrate in the enzyme-substrate complex was 
compromised Additionally, in our fluorescence binding assays, total change in fluorescence 
anisotropy for these three variants was appreciably lower than those showing wild-type single-
turnover activity (Figure 3-9C). Within these assays, the positioning of the substrate fluorophore 
on the end of the 5’ leader would result in greater total changes in anisotropy when sterically 
hindered by catalytically competent positioning of the metallonuclease domain.  Based on these 
data, we suggest that the specific interactions between the pre-tRNA ‘elbow’ and the PRORP PPR 
domain mediated by Tyr133 and Arg210 play a role in optimally positioning the 5´ leader cleavage 
site at the metallonuclease domain active site. Mutation of these residues interferes with the 
formation of a catalytically competent PRORP-pre-tRNA complex as well as decreasing substrate 
binding affinity. Similarly, the absence of the substrate D-loop, which is recognized by Tyr133, 
decreases the single-turnover activity and affinity of PRORP3 (37). 
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Figure 3-11 Time courses for the single-turnover cleavage of 5´-fluorescein pre-tRNA 
substrate catalyzed by PRORP1 variants.  
(A) Representative single-turnover cleavage assay. (B) The enzyme concentration was 30 μM. A 
single exponential (Equation 2, Materials and Methods) was fit to the time dependence of the 
fraction of product formation measured from a single experimental trial using GraphPad Prism to 
determine a single-turnover rate constant (kobs) (Table 3-3). Error shown is taken from error in gel 
analysis software, not the fit. The R212K mutant was evaluated under sub-saturating enzyme 
concentration. Data was collected in 30 mM MOPS, pH 7.8, 330 mM NaCl, 1 mM TCEP, and 20 
mM MgCl2 at 25 ± 1 °C. 
3.5 Discussion  
Our crystal structure of the PPR domain of PRORP1 in complex with tRNA illustrates its 
substrate recognition strategy emphasizing interactions with conserved nucleotide and structural 
elements of the tRNA elbow region and employing new mechanisms of PPR motif-RNA 
interaction. This specific recognition of the pre-tRNA elbow is essential for catalytic activity. By 
bringing together tRNA nucleotide and structural recognition, it requires the expansion of RNA 
recognition modes by PPR motifs beyond the established RNA base recognition mechanism.  
The new PPR motif recognition modes in PRORP1 confirm one of the distinct proposals 
from the models of PPR motif-tRNA interaction proposed previously (24,36,37): that the PPR 
domain in PRORP does not use the canonical base-selection model, but rather utilizes a strategy 
like recognition of the G19-C56 base pair by the RNP RNase P ribozyme (Figure 3-12) (9). 
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Evolution of the RNA recognition modes of PPR motifs to allow recognition of structured RNA 
in addition to single-stranded RNA sequences is reminiscent of the PUF (Pumilio/fem-3 binding 
factor) family of proteins. Both types of α-helical repeat proteins are well known for their modular 
recognition of RNA sequences (51). In addition, these α-helical repeat scaffolds can be modified 
for structured RNA recognition (52,53). Many other families of α-helical repeat proteins are 
known for their roles in RNA metabolism (54), presenting the possibility that they, too, serve as 
versatile scaffolds for RNA recognition. 
 
Figure 3-12 Evolutionary convergence of G19-C56 tRNA base pair recognition. 
(A) PRORP1 PPR domain recognition of the G19-C56 base pair. (B) Bacterial RNP RNase P RNA 
recognition of the G19-C56 base pair (PDB ID: 3Q1Q). (C) 23S rRNA recognition of the G19-
C56 base pair (PDB ID: 4V4I). (D) T-box riboswitch recognition of the G19-C56 base pair (PDB 
ID: 4LCK). PRORP1 PPR domain, RNase P RNA, 23S rRNA, and T-box riboswitch in green are 
shown as cartoons with interacting residues displayed as stick models. Amino acid side chains and 
tRNA D-loop (light blue) and TψC-loop (orange) nucleotides are shown with atom colors: oxygen 
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(red), nitrogen (blue), phosphorus (orange) and sulfur (yellow). Non-tRNA interacting nucleotides 
of bacterial RNase P, 23S rRNA, and T-box riboswitch RNAs are shown as thin stick models. 
 
The central features of recognition of the tRNA elbow are a stacking interaction between 
PRORP1 Tyr140 and C56 in the G19-C56 base pair and electrostatic interactions of Arg184 and 
Arg212 with phosphate groups important for the positioning of G57. These highly conserved 
tRNA structural elements are recognized by residues that are retained in Arabidopsis PRORPs and 
the human MRPP3 (Figure 3-8). Mutation of these residues has severe effects on pre-tRNA 
binding affinity (Table 3-4). Mutation of Tyr140 to alanine in full-length PRORP1 severely 
diminished pre-tRNA binding affinity (~200-fold weaker) and mutation to phenylalanine 
decreased pre-tRNA binding affinity ~6-fold (36). Similarly, mutation of Arg184 and Arg212 to 
alanine dramatically reduced pre-tRNA binding affinity. In addition, base-specific interactions of 
PRORP1 Tyr133 with the N2 atom of G19 and Arg210 with the O4 atom of ψ55 appear to be 
important for pre-tRNA recognition. Mutation of Tyr133 or Arg210 decreases pre-tRNA binding 
affinity, indicating their important contribution to recognition. Despite their importance in 
PRORP1, Tyr133 is not conserved in Arabidopsis PRORP2 and PRORP3, and neither Tyr133 nor 
Arg210 is conserved in human MRPP3 (Figure 3-8). PRORP2 and PRORP3, which process pre-
tRNAs retaining the G19-C56 base pair between the D and TψC loops, may have evolved 
alternative mechanisms for base-specific binding consistent with their set of pre-tRNA substrates. 
For MRPP3, mammalian mitochondrial tRNAs retain the overall L-shape, but their sequences are 
degenerate, especially in the D and TψC loops. Consequently, MRPP3 may recognize only the 
structure of pre-tRNA substrates.  
Our crystal structure indicates conformational changes in PRORP enzymes that are 
required for recognition and 5´ cleavage of pre-tRNA. Previous biochemical and biophysical 
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analyses suggested that PRORPs adopt multiple conformations (35). A hinge between the NYN 
metallonuclease and central zinc-binding domains allows reorientation of the nuclease domain 
with respect to the PPR domain. Superposition of our tRNA-bound PPR domain with the PPR 
domains in crystal structures of Arabidopsis PRORP1 or PRORP2 shows that without a 
conformational change the position of the nuclease domain would overlap the acceptor-stem of the 
tRNA (Figure 3-13). Therefore, the relative positions of the nuclease and PPR domains must be 
more open to recognize the pre-tRNA elbow and place the nuclease active site at the pre-tRNA 5´ 
end. Molecular dynamics simulations have illustrated the ranges of conformational flexibility in 
PRORP enzymes (35,55). In addition to this requirement for overall conformational change, we 
observed flexibility within the PRORP PPR domain (Figure 3-3) that may be crucial to recognize 
pre-tRNA and to release mature tRNA product.  
 
Figure 3-13  Superposition of crystal structures of the PRORP1 PPR-tRNA complex and 
fulllength PRORP1.  
The PPR domain and tRNA of the complex are shown as ribbon diagram and cartoon 
representation, respectively. Full-length PRORP1 (PDB ID: 4G24) is shown as a transparent 
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surface with green PPR domain, gray central zinc binding domain, and pink NYN metallonuclease 
domain. The tRNA is shown as a backbone trace colored by region: acceptor stem (cyan), D stem 
loop (blue), anticodon stem loop (magenta), variable region (yellow), and TψC stem loop (orange). 
The distance between the 5ÅL end of the tRNA backbone indicating the PRORP cleavage site 
(shown with space-filling red spheres) and the catalytic metal ions (black spheres) marking the 
nuclease active site is indicated in yellow. 
 
PRORP enzymes must process a set of diverse pre-tRNA substrates, and our data suggest 
multiple mechanisms to promote recognition plasticity. In addition to tRNA sequence diversity, 5´ 
leader and 3´ trailer processing occur prior to structure-stabilizing base modifications (56,57). 
Therefore, PRORP enzymes might recognize and bind partially folded or dynamic pre-tRNA 
tertiary structures during the early stages of maturation, and in turn they might aid in achieving the 
final tRNA tertiary structure. Recognition of a highly conserved pre-tRNA structural feature like 
the G19-C56 base pair is an excellent strategy to capture a range of pre-tRNA conformations. Our 
data indicating that the PRORP1 PPR domain binds equally well to modified and unmodified 
tRNA also allows binding as the tRNA matures. Flexibility of the PPR domain and overall 
PRORP1 conformation permits optimization of binding to different pre-tRNA structures. 
Recognition of the G19-C56 base pair at the tRNA elbow is a core element of PRORP PPR 
interactions, and it is striking that this mode of recognition by a protein is analogous to recognition 
of the same feature by three functional RNAs (Figure 3-12). The crystal structure of Thermotoga 
maritima RNP RNase P in complex with tRNA showed that highly conserved nucleotides A112 
and G147 in single-stranded loops of the RNase P RNA form a binding pocket and interact via 
stacking interactions with G19 and C56 (Figure 3-12B) (9). This interaction is conserved in 
structures of RNP RNase P from bacteria, archaea, yeast, and human (Figure 3-14) (8-11). 
Furthermore, this tRNA-binding mode is like that between the L1 stalk of the 23S rRNA and tRNA 
at the E-site in the 50S ribosome (38) and two single-stranded loops of T-box riboswitches and 
their cognate tRNAs (39) (Figure 3-12C, D). Since these functional RNAs share no common 
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ancestor, it is thus postulated that the specific binding to the tRNA elbow with stacking interaction 
has evolved independently at least three times (39). Evolution of the recognition -helices in the 
PPR1 and PPR2 motifs mimics the binding pocket for the tRNA elbow formed by the two single-
stranded chains of these functional RNAs. Hence, PRORPs add a fourth molecule to this 
evolutionarily convergent solution for tRNA elbow recognition.  
 
Figure 3-14 Recognition of the tRNA elbow base pair by nucleotides in the CR-II and CR-
III regions of the RNase P RNA is conserved across kingdoms.  
(A) Bacterial RNP RNase P (PDB ID:3Q1Q). (B) Archaeal RNP RNase P (PDB ID: 6K0B). (C) 
Yeast RNP RNase P (PDB ID: 6AH3). (D) Human RNP RNase P (PDB ID: 6AHU). RNase P 
RNA is shown in green as cartoons with interacting nucleotides displayed as stick models. tRNA 
D-loop (light blue) and TψC-loop (orange) nucleotides are shown with atom colors: oxygen (red), 
nitrogen (blue), and phosphorus (orange). Non-tRNA interacting nucleotides of RNase P RNAs 
are shown as thin stick models. 
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Chapter 4 Conclusions and Future Directions 
 
4.1 Conclusions 
The goal of this work was to expand our understanding of the substrate recognition 
strategies of PRORP, particularly focusing on contributions of the PPR domain. Biochemical and 
structural investigations revealed that the mechanism of substrate recognition in PRORP is 
analogous to the RNase P ribozyme and identified a new mechanism of PPR motif RNA interaction 
different from that of sequence-specific ssRNA binding proteins.    
Protein-Only RNase P Recognition 
 Site-directed mutagenesis and kinetic and thermodynamic experiments were used to find 
interactions with PRORP residues important for pre-tRNA recognition. These results identified 
several residues within the concave surface of the PPR domain as significant contributors to pre-
tRNA recognition. We also used sodium ion dependence of substrate binding affinity 
demonstrating the importance of ionic interactions in pre-tRNA recognition by PRORP. 
Together the data from this biochemical analysis was used to produce a predictive structural 
model of PRORP-substrate recognition. Our X-ray crystal structure of tRNA bound to the 
PRORP PPR domain largely validated this recognition model, showing that PPR domain 
residues form specific interactions with conserved tRNA bases and structural regions. Taken 
together this work suggests that PRORP has evolved to utilize a similar pre-tRNA recognition 
strategy as the RNA-based enzyme. Additionally, we identified a new mode of RNA recognition 
by PPR motifs, thus expanding the PPR-RNA interaction beyond the established sequence-
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specific ssRNA mode. This recognition mechanism may turn out to be used by other PPR 
proteins as well.  
4.2 Future Directions 
The work described in these chapters has greatly expanded our understanding of PRORP 
substrate recognition, nonetheless many questions remain unsolved. Firstly, it is unclear 
interactions with the PPR contribute to enhancement of the rate of the cleavage step remains 
unclear. Previous studies, as well as ours, have indicated that conformational changes are 
involved in PRORP catalysis, yet a mechanistic basis for that predicted contribution is unknown. 
Second, is the substrate recognition strategy observed in PRORP1 shared amongst all the 
PRORP homologs? Though metazoan mitochondrial PRORP (i.e. human MRPP3) is analogous 
in structure, two additional protein subunits are required to activate catalysis and the role of these 
proteins in substrate recognition is unknown. Additionally, many pre-tRNA substrates of these 
PRORP homologues lack the conserved nucleotides which are recognized by single-subunit 
PRORP. Lastly, the recent discovery of a largely uncharacterized novel from of PRORP within 
bacteria and Archaea, offer the opportunity to further expand our understanding of the function 
and evolution of RNase P.  
4.2.1 PRORP Conformational Changes  
Our kinetic and thermodynamic data indicate that interactions with the PPR motifs in 
PRORP enhance thermodynamic substrate association and the cleavage rate constant, possibly 
by stabilizing alternate conformations of the PRORP-pre-tRNA complex. Additionally, 
conformational changes in PRORP are believed to be required for recognition and 5’ leader 
cleavage of pre-tRNA. Our crystal structure indicates that there are changes in the PPR motif 
structure upon binding, while our model suggests that the overall V shape topology must open to 
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fit the bound substrate. This may indicate that like RNA-based RNase P, an induced-fit 
mechanism of recognition is present in PRORP catalysis, initial binding of PRORP to the tRNA 
body induces a conformational change in PRORP to form a catalytically competent PRORP-pre-
tRNA complex. Transient kinetic stopped-flow experiments and the pursuit of a structure of full-
length PRORP bound to substrate are approaches that could be used to further probe the 
recognition mechanism of PRORP. Stopped-flow kinetic experiments with PRORP and 5’ 
fluorescently labeled pre-tRNA substrate could be used to detect multiple exponentials in the 
formation of the PRORP-pre-tRNA complex indicative of conformational change step that 
occurs between biomolecular association and cleavage. Initial stopped-flow experiments that I 
carried out showed multiple phases upon mixing PRORP with fluorescent-labeled pre-tRNA, 
consistent with one or more conformational transitions.  Additional detailed studies of the 
kinetics of binding would need to be completed to identify steps linked with association, 
conformational change and substrate cleavage.  If a conformational change were identified 
through these kinetic studies, a combination of site-directed mutagenesis with stopped-flow 
kinetics could relate the conformational change phase to specific residue interactions and thereby 
help elucidate the mechanistic contributions of PPR motif interactions in endonucleolytic 
cleavage.  
Additionally, a structure of full-length PRORP bound to tRNA would help to further 
uncover the role of the PPR domains conformational change upon substrate binding. A 
comparison of our PPR-tRNA structure to the full-length unbound structure shows the concave 
binding surface of the PPR domain forming a more acute angle which conforms to the tRNA 
elbow region. Additionally, an overlay of the full-length PRORP structure, through alignment of 
the PPR domain, positions the metallonuclease domain 17 Ångstroms away from the scissile 
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phosphodiester bond (Figure 3-13). Given this, it seems likely that the tRNA induced 
conformational change in the PPR domain could cause PRORP structural changes that position 
the active site for cleavage.  Elucidation of a full-length PRORP structure bound to tRNA/pre-
tRNA could reveal whether this is the case, and if so, how the substrate binding induced change 
in PPR conformation causes an overall change in PRORP global architecture.  
4.2.2 Multi-subunit PRORP Substrate Recognition 
Due to the presence of two additional protein subunits and noncanonical pre-tRNA 
substrates, it is believed that Metazoan mitochondrial PRORP substrate recognition likely differs 
from single-subunit PRORP. Recently, pre-published kinetic experiments by my colleagues on 
human mitochondrial RNase P (mtRNase P) support this divergence in substrate recognition 
strategy (1). Biochemical investigation of the substrate recognition role of the stable subcomplex, 
MRPP1/2 (TRMT10C/SDR5C1), led Xin Liu and others to propose a minimal kinetic 
mechanism of mtRNase P (MRPP1/2/3) (Figure 4-1). An important discovery that led to the 
development of this scheme was that only in the presence of pre-tRNA is a stable MRPP1/2/3 
complex observed. Within this putative kinetic mechanism, there are three distinct orders of 
protein subunit and pre-tRNA binding which lead to a catalytically competent conformer. 
Although dependent on relative concentrations of mitochondrial RNase P subcomplex 
components, one pathway appears to be kinetically favored. In the scenario that pre-tRNA 
substrate is in excess of the mitochondrial RNase P components (MRPP1/2 and MRPP3), the 
thermodynamic binding equilibriums indicate that the product formation would primarily take 
place through initial complexation of MRPP1/2*S. This kinetic model is supported by recent 
studies on human mitochondrial transcript processing that have indicated that the MRPP1/2 
subcomplex acts as a platform for recognition by not only RNase P but additional tRNA 
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maturation processing enzymes.  This model predicts that mitochondrial tRNA maturation takes 
place starting with pre-tRNA saturation with MRPP1/2 subcomplex in order to undergo 
recognition and catalysis by RNase P as well as other downstream tRNA processing enzymes 
(2). The MRPP1/MRPP2 complex is a tRNA-maturation platform in human 
mitochondria.  However, whether the recognition mechanism of MRPP1/2-S* is due to protein-
protein interaction or pre-tRNA structural rearrangement is unknown.  Currently, my colleague 
Vojc Kocman, of Markos Koutmos lab, is working to clarify the mechanism behind this 
enhanced recognition using a variety of biophysical studies.     
 
Figure 4-1 Putative kinetic mechanism of human mitochondrial RNase P with 
thermodynamic equilibrium constants (K).  
The predominant binding order proposes a conformational change (K7) that enhances MRPP3 
binding.  
 
Additionally, a solved structure of the metazoan mitochondrial RNase P (MRPP1/2/3) 
complex with bound tRNA would offer a great deal of insight into the substrate recognition 
mechanism of this class of PRORP. Although this could be attempted through X-ray 
crystallography, difficulty with obtaining crystal structures of complete single-subunit PRORP-
tRNA complex indicate this may not be a fruitful approach. Cryo-EM studies, which have shown 
increasing success in the solution of large complex structures, may prove to be a more productive 
approach. If a complete structure of this complex were attained, it would answer many of the 
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remaining questions surrounding the substrate recognition mechanisms of metazoan 
mitochondrial PRORP. Primarily, how do MRPP1/2 take part within this substrate recognition 
process? Although MRPP3/HuPRORP contains the same overall structural architecture of the 
single-subunit variants, it is still unclear why these additional protein subunits are necessary for 
catalytic activity. Specifically, does the PPR domain of MRPP3 recognize the tRNA body of pre-
tRNA in a similar mechanism to the single-subunit PRORP, or does it rely on the presence of 
MRPP1/2? If so, does MRPP3 form protein-protein interactions within this tertiary complex or 
do MRPP1/2 induce RNA structural conformations that are required for MRPP3 recognition? 
Answers to these questions would not only further our understanding of metazoan mitochondrial 
transcript processing but could potentially unveil a novel protein-RNA recognition function for 
PPR motifs.  
4.2.3 Homologs of Aquifex aeolicus RNase P (HARP) 
 The recent discovery of a novel class of prokaryotic PRORP (HARP) provides the 
opportunity to further our understanding of RNase P function. In its initial characterization, 
evidence of a HARP metallonuclease domain which preforms catalysis utilizing a similar kinetic 
mechanism as eukaryotic PRORP was reported (3). Kinetic and thermodynamic metal-ion and 
pH experiments could further elucidate this mechanism and examine whether the PRORP two-
metal ion mechanism is conserved. A kinetic study relating single turnover kinetic rates to pH 
could reveal a relationship of dependency that would provide evidence for a metal-hydroxide 
nucleophile. Furthermore, kinetic studies on divalent metal-ion dependence of steady-state 
kinetic parameters could seek to identify cooperative divalent metal-ion binding indicating the 
presence of metal-ions coordinated in the active-site.  
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 Little is known about HARP pre-tRNA recognition, as these proteins lack an identifiable 
RNA binding domain. Therefore, applying X-ray crystallography to solve a structure of HARP 
could elucidate a novel mechanism of substrate binding, presumably RNA. Even if a solved 
structure does not contain bound substrate, structural information of HARP alone would inform 
site-directed mutagenesis studies that could provide information about potential RNA binding 
domains.  
 Finally, although HARP exhibits pre-tRNA processing activity in vitro, it has been 
demonstrated that they are not the major source of RNase P activity in two Archaea (4). This 
leaves their functional role within these hosts in question. Therefore, their native substrates could 
be sought through high-throughput sequence analysis of organellar RNA, comparing HARP 
knockout and wild-type cell lines.  
4.3 Implications of Work on the Origins of Life 
Similarities in catalytic strategies and rates of RNA-dependent and protein-only RNase P 
seem to suggest that the transition from RNA to protein catalysts was not due mainly due to 
catalytic efficiency.  One possible reason for the transition could be due to a need for greater 
stability of the catalyst. This is supported by the presence of PRORP in organisms/organelles that 
have harsher environments (oxidative stress, pH, and temperature), like the bacterial and 
archaeal hyperthermophiles which contain HARP, and subcellularly in the mitochondria and 
chloroplasts of eukaryotes.  
There are a limited number of functional ribozymes in cells, but of the few that exist all 
but the ribosome accelerate phosphoryl transfer reactions of various kinds (5), and nearly all are 
involved in the processing of genetic information.  In contrast, cellular metabolic processes are 
mainly catalyzed by proteins. In the RNA world theory, RNA-based catalysis in early cellular 
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life predominated, and was eventually replaced by proteins through selection for a variety of 
properties, including enhanced catalytic efficiency. The retention of an RNA-based RNase P in 
so many organisms may be due to the similarity in catalytic strategy and efficiency of the RNA-
dependent and protein-only forms of RNase P.  Consistent with this, the S. cerevisiae RNA-
dependent RNase P has a value of kcat/KM that is diffusion-controlled (~10
8 M-1s-1) indicating that 
this is a “perfect” enzyme where the activity is limited by diffusion and evolutionary pressure 
cannot increase the catalytic efficiency further (6). This suggests that there is little evolutionary 
pressure to enhance efficiency, thereby leading to cellular retention of these enzymes. In 
contrast, for other catalytic functions the ribozymes may be less effective leading to more 
evolutionary pressure to develop better catalysts.   
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